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THE INFLUENCE OF PRECIPITATION UPON THE 
WIDTH OF ANNUAL RINGS OF CERTAIN 
TIMBER TREES 


INTRODUCTION 


Forest trees of temperate climates preserve their life histories in the 
records of their annual rings. From the record may be inferred the even- 
aged, or many-aged, character of the stand at the time of a tree’s origin; the 
periods of suppression by neighboring trees or of dominance over them; the 
year of a forest fire or the year that a cutting may have been made in the 
immediate vicinity of a particular tree; perhaps, also, the years when weather 
had been particularly favorable, or detrimental, to annual ring growth. 

Sut this is not all. If measurements of the widths of annual rings of 
a number of sample trees be arranged according to the sequence of years, 
it is possible to analyze the variation of the total set, and to assign, with 
more or less accuracy, the several portions to their causes, or groups of 
causes, such as the following: 

(1) A portion due to differences among the trees within the stand. It is 
made up of variation among the average growth rates of the individual trees 
over the period of investigation. 

(2) A portion whose causes are common to all the trees of the stand. It 
is made up of variation among average ring widths in different years and is 
itself divisible into (a) a part due to slow changes in average growth rate 
associated with the longer time adjustment of trees to changes in environ- 
ment or to advancing age; and (b) a part due to variation from year to year 
depending upon weather during and preceding the growing season. 

(3) A residual portion due to unaccounted-for variation. 

The second part of the portion whose causes are common to the trees 
of the stand should, ideally, form statistically homogeneous material for the 
study of meteorological effects. That it need not contain the bulk of the 
contribution of the total complex of factors which influences timber growth 
is indicated by the analyses of 756 observations, made by Schumacher and 
Meyer (1937) on 12 white fir trees from a Swiss stand over a period of 63 
years, for which assignable causes make up the following percentages of the 
total sum of squares of deviations from the general mean: 


Variation among the individual trees, including slow changes... .65.3 percent 
INS WE ink ed ek Kio os Sua wee das ca dO 20.1 ‘ 
Residual, unaccounted-for variation ...............eccceeees 14.6 . 


In this case, only 20 percent of the total is in annual variation. The need 
for isolating it from the remaining extraneous portions in order to investigate 
the influence of weather on timber-tree growth is evident. 
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It is the purpose of the present paper to report an investigation of annual 


ring widths of each of several timber species indigenous to regions of the 





eastern United States. It consists of two parts: (1) The isolation of what 





are believed to be statistically homogenous observations made up of annual 
variation of tree-ring widths, freed from slow change in growth rate and 
from individual tree effects; and (2) a study of the influence of a single 
meteorological factor, precipitation, upon this annual variation. 


THE TREE DATA 

The data consist of measurements of annual ring widths according to 
calendar years for which United States Weather Bureau records list monthly 
precipitation at nearby stations. Two or more measurements were taken on 
‘ach ring with a microscope-caliper*® to a least count of 0.01 mm. Pertinent, 
available information of a general nature concerning the tree ring data is 
as follows : 

(1) White oak (Quercus alba L.), 9 miles from the rain gauge at Ashe- 
ville, North Carolina; 17 dominant and codominant trees of average age 185 
years and a range of 71 to 325; average d.b.h.t of 23 inches, and range of 
17 to 35; 4 measurements of each annual ring for the years 1904 to 1935, on 
cross-cuts at from 15 to 17 feet above ground. When the measurements of 
these trees were plotted, they were sorted into two groups solely according 
to ocular estimate of the residuals from estimated tree trends (Fig. 1). The 
order of residuals seemed higher in the case of tree numbers |} to 12, than 
in tree numbers 13 to 17. On the supposition that significant differences 
might be uncovered between these groups, they were kept separate. 

(2) Three groups of longleaf pine (Pinus palustris Mill.) from Florida. 
(a) 12 dominant trees, 2 miles from the rain gauge at Lake City (Fig. 2); 
average age 32 years from an even-aged stand; average d.1.b.° taken on 12- 
to 18-inch stump heights, 10 inches, with a range of 8 to 13; 4 measure- 
ments of each annual ring of the years 1908 to 1935, on cross-cuts at stump. 
(b) 18 dominant and codominant trees, 4 miles from the rain gauge at Gaines- 
ville (Fig. 3); average age 50 years and ranging from 45 to 62, from an 
approximately even-aged stand; average d.i.b. on 12- to 18-inch stumps, 12 
inches and ranging from 8 to 16 inches; 4 measurements of each annual 
ring of the years 1894 to 1935 on cross-cuts at stump. (c) 12 dominant and 
codominant trees, 7 miles from the rain gauge at Jacksonville (Fig. 4) ; 
average age 58 years and ranging from 45 to 80 years; average d.i.b. on 
12- to 18-inch stumps, 11 inches, with a range of 8 to 14; 4 measurements 
of each annual ring of the years 1894 to 1935 on cross-cuts at stump. 

(3) Two groups of shortleaf pine (Pinus echinata Mill.) from Virginia, 
10 miles from the Weather Bureau station at Washington, D. C., represent- 





3 The instrument used was designed by the Division of _Forest Entomology of the Bureau of 
Entomology and Plant Quarantine. It consists of a binocular with a carefully machined moving 
stage and micrometer. It works accurately and rapidly. | ae 

4 Diameter breast high. 5 Diameter inside bark. 
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Fic. 1. Annual ring width according to tree and year, and individual tree 
trends of white oak near Asheville, North Carolina, 
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Fic. 2. Annual ring width according to tree and year, and individual tree 
trends for longleaf pine near Lake City, Florida. 
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Fic. 3. Annual ring width according to tree and year, and individual tree 
trends for longleaf pine near Gainesville, Florida, 
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Fic. 4. Annual ring width according to tree and year, and individual tree 
trends for longleaf pine near Jacksonville, Florida. 


ing 2 stands of the same forest. (a) 14 dominant and codominant trees 
which had been growing in an even-aged stand on a lower slope; 80 to 85 
years of age in 1933, when the trees were attacked by bark beetles ; average 
d.i.b. on 2-foot stumps, 10 inches, with a range of 7 to 14; 2 measurements 
of each annual ring of the years 1854 to 1932 on cross-cuts from stump. As 
all the trees died before 1934, this group is distinguished by the designation 
“Dead trees” (Fig. 5). (b) 15 dominant and codominant trees on a mid- 
dle slope in an approximately even-aged stand of 65 to 80 years; average 
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Fic. 5. Annual ring width according to tree and year, and individual tree 
trends for shortleaf pine in Virginia, near Washington, D. C. “Dead” tree 
group. 


d.icb. on 2-foot stumps, 11 inches, and ranging from 8 to 15; 2 measure- 
ments of each annual ring of the years 1874 to 1935 on cross-cuts from 
stump. As these trees showed no effect of the bark beetle attack of 1933, 


they are designated “Live trees” (Fig. 6). 
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(4) One group consisting of 8 trees of hemlock (Tsuga canadensis (L.), 
Carr.) from near Hanover, New Hampshire (Fig. 7). The original meas- 
urements on these trees were very kindly placed at the disposal of the au- 
thors by Dr. Charles J. Lyon who had collected them for another investiga- 
tion. Concerning the site Lyon (1936, p. 462) states: 


Hanover. This site was a wood-lot with a rough terrain of ridges and 
hollows at an elevation of about 700 feet. The airline distance to the Weather 
sureau cooperating station at Dartmouth College is about 2 miles, without 
appreciable differences in altitude. The eight trees were located within an 
area of a few acres but with all ranges of habitat from low ridge crest to 
the margin of a summer-day swamp trough. the area appeared to have 
been the scene of selected cuttings of trees at various intervals during the 
19th century, so that the dates of release of the small hemlocks were not 
the same for any two trees sectioned for this study. 





The average age of all the trees in Lyon’s investigation was 279 years 
and only one section had less than 200 rings. Annual ring widths were mea- 
sured along three average radii each, and the mean of the three taken as 
an index of the growth rate for the year. These measurements are for the 
years 1835 to 1934. The Weather Bureau rainfall records are missing for 
the interval 1856 to 1867. 

THE ISOLATION OF ANNUAL VARIATION 

The raw data, that 1s the average of the two, three, or four measurements 
of each ring are presented graphically in Figures 1 to 7, according to tree- 
year Classification. There is a separate figure for each of the groups described 
above. The individual trend curves shown with the data of each tree are 
not pertinent to the discussion below, because examination of the graphical 
representation indicates that trend curves of the same degree should fit all 
trees of a group. Hence instead of fitting as many curves as there are trees, 
and averaging the residuals according to years, the same result is achieved 
by fitting a trend to the average ring width of all trees of a group according 
to the year in the sequence, and using the residuals from this average trend. 

The first problem is the analysis of the total variation of the ring widths 
of each group of trees into contributing portions. Given the following defini- 
tions : 


yij_ the measured width of the annual ring of a particular year 7 out of 
the years of the sequence, on tree 7 from among the Fk trees of the 
group ; 

m; the mean of the k ring widths in year 7; 


t; the mean of the » ring widths on tree 7; 
m1 the general mean width of all nk rings. 


Then the deviation of an annual ring width from the general mean of 
the group may be expressed 


(Vij —m) = (mjy—m) + (t7- m) + (Yig— mj— tj+m) 
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Fic. 6. Annual ring width according to tree and year, and individual tree 
trends for shortleaf pine in Virginia, near Washington, D. C. “Live” tree group. 
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for which the three terms of the right-hand member represent the year i ef- 
fect, the tree 7 effect, and the residual, respectively. Upon squaring and add- 
ing over all 1 rings of one tree we have 


n n n 
Sy.. 2 Sm - 2 ' . a” - 
MM ij m ) em; mm)" + nt; mm)” + MY ij m; tim) 


and after adding like terms for all k trees, the total sum of squares is 


kn n k kn 
4 : 2 \y 2 ’ 2 ’ ’ z 
S S(¥; — Ip)" = kS(m; m)” + nS(t-—m)" + 8 OF meme am be MJ ccseee (1) 
Pi’ I iJ ia J 

The left-hand member of this identity is the total sum of squares and 
the right-hand member contains its division into portions which are due, 
in order, to differences among years, among trees, and to the remaining un- 
accounted-for variation. As disclosed by the data (Figs. 1 to 7) however, 


n 
the sum of squares among years—that is, kS (m;—im) “—is not yet to be con- 
l 


sidered as made up of statistically homogeneous material. It is still encum- 
bered by any effects of slow change of growth rate which may be common 
to all the trees of the group. The latter may be removed upon fitting time 
trend curves to express such slow change. 

Polynomials of sufficiently high degree were fitted to each group, by the 
method of least squares, so as to give residuals with approximately zero 
trends. These are shown in Figures 8 to 11. The trend curves of the oaks 
are of second degree; shortleaf pine in Virginia and longleaf pine at Jackson- 
ville, of third; longleaf pine at Lake City, fourth; at Gainesville, sixth; and 
hemlock at Hanover, New Hampshire, tenth. 

Denoting by c; the estimate of im; in any year as given by the trend curve, 
fitted according to the method of least squares, then 


n , n n , 
kS(m;—m)~ =kS(m;—c;)° + kS(e;—m)~ 
“plaid “aes el ‘ee 


in which the first term of the right-hand member is the sum of squares 
due to annual variation of ring width, free from the effect of slow changes 
whose sum of squares make up the second term. 

Upon substituting the right-hand member of this identity into equation 
(1), the whole is conveniently converted into analysis of variance form as 
in Table 1. The residuals from the average trends, according to year of growth 
and tree group are the data upon which the investigation of the influence of 
the single meteorological element, precipitation, is based. Their sum _ of 
squares is expressed algebraically in Table 1, third line from the bottom. 
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Fic. 10. Average annual ring width of 
shortleaf pine trees according to tree group 
and year, and trend curves of degree 3 fitted 
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Fic. 11. Average annual ring width of 
hemlock trees according to year, and trend 
curve of degree 10 fitted thereto. 
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TABLE 1. Division oF SUM OF SQUARES OF TREE RING WIpTHsS INTO PoRTIONS 
Due To ASSIGNABLE CAUSES 














Variation due to Sum of squares 
k 
Between tree means uS(t;—m)?* 
“tee 
Between years: n 
Average trend (slow change) kS(cj—m)?* 
1 
n 
Residuals from trend kS(m j—e;)* 
1 
kn 
Unaccounted-for remainder S S(v jj—mj—tj +m)? 
ra 
kn 
Total S S(yjj;—m)* 
2 











WHITE OAK IN NORTH CAROLINA 


Table 2 shows the division of the sum of squares of the white oak data 
according to the scheme of Table 1. Two new columns are added, one con- 
taining the degrees of freedom, or number of independent comparisons, upon 
which each sum of squares is based, and the other containing the proportions, 
in percentage of total sum of squares, according to the source of variation. 

This last column brings out clearly that the width of an annual ring 
among these oaks is governed to a much greater extent by the nature of the 
tree and the long-time environment of its immediate situation than it is by 
the annual fluctuations of weather. The effects of the former two causes 
appear in the proportions between tree means, and these make up more than 
40 percent of the total. Slow changes in growth, common to all the trees, 
and expressed in this case by the trend curve of degree 2, is ascribable, it 
would seem, to slow changes of site quality— since the tree ages are so 
variable—account for 12 to 15 percent. The annual variation, on the other 
hand, the causes of which are ascribed to variation of meteorological factors 





from year to year, makes up only 9 to 12 percent. 

These observations are not meant to imply that the effects of weather 
are negligible. They indicate, rather, that the data in the aggregate are ex- 
tremely heterogeneous. If we consider only the more homogeneous variation 
among the residuals from trends, the proportion due to annual variation is 

12.1 5 24 
12.1 + 33.9 " 
percent for the remaining five trees. 

The residuals from the average trend of the white oak data of Figure 8, 


2 t for the first twelve t | oe 
or » percen or nc 6USuS welve trees; ane . e - 
8.5 +. 32.5 


according to year of growth and tree group, are given in Table 3. These are 
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TABLE 2. Division oF WHITE OAK SUMs oF SQUARES INTO PorTIONS DUE TO 
ASSIGNABLE CAUSES. BENT CREEK EXPERIMENTAL Forest, ASHEVILLE, 
N.C. Units or HuUNbDREDTH MILLIMETERS SQUARED. 











Trees !-12 TREES 13-17 
Due to Degrees Sum_ | Percent- || Degrees Sum Percent- 
ot ot ages of ot ot ages of 
freedom | squares total freedom | squares | total 
Between tree means... ... 11 379 , 243 42.1 4 46,863 44.3 
Between years: 
Average trend (slow 
change)... 2 106,788 11.9 2 [5,582 14.7 
Residuals from trend 29 108,518 12.1 29 9,028 | 8.5 
Unaccounted-for remainder. 341 305,217 33.9 124 34,278 Jas5 
Total. . 383 899 766 100.0 159 105,681 | 100.0 


TABLE 3. RESIDUALS FROM THE AVERAGE TREE TREND OF EACH Group ACCORDING TO 
YEAR OF ANNUAL RING GROWTH IN UNITs oF 0.01 MM. WHITE OAK, 
BENT CREEK EXPERIMENTAL Forest, ASHEVILLE, N. C. 








TREES | ‘ro 12 TREES 13 ro 17 

Year Residual Year Residual Year Residual | Year Residual 
> a Bee 1920... pt 1904 0.20 | 1920.... — 0.40 
1905... OLRS. 1 RF21..... 13.42 1905 S00 + 09l.....] 1.20 
1906... 18.75 1922... 37.08 1906 2.40 | Te2.....} 10.00 
1907. 4:50 | 1923... 27.00 1907. S.a0. | 1923..... 13.60 
1908......] — 3.58 | 1924... 1.30 1908..... O00 |} 1924..... 2.80 
ae — 0.92 | 1925... —38.17 1909. Sa) 8925... .. -15.80 
. | ae —10.25 1926. 24.50 1910 0.80 1926.....| —20.40 
1911. —38.50 1927... 2.50 1911 —12.80 |; 1927.....| — 1.40 
1912. —11.92 1928. . 24.42 1912 — 1.00 | 1928.....] 12.20 
1913.. 6.33 | 1929... 0.67 1913 1.20 Co _—_— 0.08 
1914. —15.25 1930. 15.42 1914 7.40 1930.....| — 6.20 
1915 15.50 1931 11.50 1915 5.80 1931... 5.00 
| ae 17.08 1932 sid 1916 1.80 1932... 9.20 
1) oe 6.75 1933... 11.08 1917. 2.00 1953... 9.60 
1918. ; 3.83 193%..... Piao 1918. 0.40 1934... ..4 11.00 
1919 be 1935. Sal 1919 3.20 1935.....]| — 1.80 

: 
General mean: 170.97 General mean: 91.36 : 


—— — a . " — — - - i 


data upon which the investigation of the influence of the single meteorologi- 
cal element, precipitation at Asheville, North Carolina, is based. 


LONGLEAF PINE IN FLORIDA 


In Table 4 is presented the division of the sum of squares of the longleaf 
pine data for each of the three localities. A relatively minor part of the 
variation is due to differences among means, amounting to 4, 17, and 5 per- 
cent, respectively, for the data from Lake City, Gainesville, and Jacksonville. 
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On the other hand, slow changes in growth account for considerably greater 
portions, these being 68, 44, and 37 percent of the group totals. However, 
as the data of each group are approximately of even age, the average trends 
undoubtedly represent the longer-time effect of advancing age as well as slow 
changes of site quality. 

The annual variation is, again, relatively little, comprising from 3. to 
12 percent of the group totals. Of the more homogeneous variation, the an- 
nual variation makes up 10, 12, and 20 percent, according to the groups in 
order. 

The residuals from average trends of the longleaf pine data of Figure 9 
are listed in Table 5 according to year and tree group. 


SHORTLEAF PINE IN VIRGINIA 
The division of the sums of squares of the shortleaf pine in a form quite 
like the others is presented in Table 6. The bulk of the variation is due to 
slow change. As the data have been taken from stands of approximately 
even age, the trends representing slow change are ascribable both to advanc- 
ing age and to changes in site quality. The effect of annual variation is rela- 
tively little, with 4 and 8 percent of the total sums of squares; it is, however, 
22 and 23 percent of the more homogeneous portions. 
The residuals from average trends of the shortleaf pine data of Figure 10 
are listed in Table 7. 
HEMLOCK IN NEW HAMPSHIRE 


The hemlock data are subdivided according to the same classification as 
the others (Table 8). Slow change does not account for so high a portion 
of the sum of squares as in the pines. This may be due to the practical 
elimination of age as 7 of the 8 sections contained more than 200 annual 
rings. As with the oak data, it seems likely that the 28 percent of hemlock 

TABLE 4. Division oF LONGLEAF PINE SUMS oF SQUARES INTO PoRTIONS DUE TO 


ASSIGNABLE CAUSES. LAKE City, GAINESVILLE, AND JACKSONVILLE, FLORIDA, 
Units oF HUNpDREDTH MILLIMETERS SQUARED. 








Lake City Data GaINESVILLE Data JACKSONVILLE Data 
Due to 
| Degrees | Percent- | Degrees Percent- | Degrees Percent 
| of | Sum of | ages of of | Sum of ages of of Sum of | ages of 
| freedom} squares total | freedom! squares total | freedom} squares total 
Between tree means 11 1,236,703 | 3.8 17 2,949,549 72 11 446,522 | 4.7 
Between years: 
Average trend 
(slow change). . .| 4 [21,890,219 | 67.5 6 | 7,468,548 | 43.7 3 | 3.519464) 36.9 
Residuals from 
Sy 23 930,663 2.9 35 775,437 4.5 38 1,125,567 11.8 
Unaccounted-for | 
remainder 297 8,383,395 25.8 697 5,914,056 34.6 451 1,447,257 | 46.6 


(s.r 335 |32,440,980 100.0 755 |17,107,890 | 100.0 503 9.538.810 100..¢ 
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TABLE 5. RESIDUALS FROM THE AVERAGE TREE TREND OF EACH Group, ACCORDING TO 
YEAR OF ANNUAL RING GrowTH, IN UNITs oF 0.01 MM. LONGLEAF PINE IN FLORIDA 


























Group Group 

Year racers! soa aici Year ———— eens Seer ee 
Lake | ‘Cl. Jackson- | Lake ‘des. | Jackson- 

| City | ville ville | City ville |” ville 
1894...... AK aintaes | —52.76 | 37.08 || 1915..... 64.24 0.46 | 13.17 
ee eee | 8.14 22.83 || 1916..... —89.17 | — 6.08 | —20.33 
RS ee | 79.87 | — 7.42 |] 1917..... —57.96 27.78 | 27.25 
a eee | 65.19 31.92 || 1918..... —45.61 | —11.72 | —32.25 
SRY |—45.41 | 19.83 |] 1919..... 43.07 | —65.04 | 100.50 
at are | —51.41 | —- 0.08 || 1920..... 18.07 | —39.59 | 25.75 
ee eee | 18.38 | —55.75 |] 1921..... 12.45 |-—37.53 | —68.00 
Sa eee | —20.96 | 19.67 || 1922..... 12.92 | —-27.17 | — 8.75 

RE ee | —30.03 | 32.08 || 1923..... —14.31 26.24 | — 3.5 
SRE Sewn —27.06 | 16.08 || 1924..... 35.45 30.55 | —12.58 
EES! Sere — 4.42 | —65.58 || 1925..... —61.57 54.28 | —40.50 
| ER eee 32.99 | —26.08 || 1926..... 16.12 35.72 | — 9.92 
SS ele — 2.52 | —41.25 | 927... — 0.41 23.88 | —-24.42 
ES eee —11.76 | —57.58 || 1928..... 70.20 15.88 | 39.75 
908... 2.41 30.65 | —16.92 || 1929..... 84.30 | —23.32 | 46.25 
ae —60.05 17.02 | —18.33 || 1930..... —31.76 | —21.42 | —67.25 
. —27.17 3.45 | —54.92 || 1931..... —60.48 | —49.20 | —79.50 
eee 105.60 20.69 | 95.75 —68.16 | — 2.96 | —34.67 
. ae 35.03 | —- 8.58 | 133.50 || 1933.....] — 2.82 4.44 19.75 
_ 66.66 | 11.88 | 61.75 | 1934... — 2:85 | 10.16 | 35.09 
eee —87.35 12.85 | —22.92 || 1935..... 43.09 8.44 54.42 
MII so book os widened tecevenee 485.25 293.85 310.89 

















TABLE 6. Division OF SHORTLEAF PINE SUMS OF SQUARES INTO PorTIONS DUE TO 
ASSIGNABLE CAUSEs., “DEAD” AND “Live” TREE Groups, HERNDON, VIRGINIA. 
Units oF HUNDREDTH MILLIMETERS SQUARED. 





| “Live” Tree Group 





“Dean” Tree Group 





















































Due to |——— ---);—-- —)— ——| 
|| Degrees | Percent- || ~— | Percent- 
of Sum of | ages of | Sum of | ages of 
| freedom | squares | total | ae squares | total 

Between tree means..... | 13. | 1,051,584 7.2 14 2,127,388 19.4 
Between years: | 
Average trend (slow |, | | 

change)....... cog 3 |10,690, 286 72.9 | 3 5,208,386} 47.5 
| | 

Residuals from trend . . || 75 | 632,357] 4.3 || 58 829,035] 7.6 
Unaccounted-for 1 | 

remainder......... | 1,014 | 2,294,443 15.6 || 854 2,801,012 25.5 

_————> | ——— | eer || = = = 
Ne ee 1,105 {14,668,670} 100.0 || 929 10,965,821} 100.0 

















sum of squares accounted for by the averaged trend, is ascribable to the 
longer time changes in site quality. 
Residuals from average trends of the hemlock data of Figure 11 are given 


in Table 9. 
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TABLE 7, RESIDUALS FROM THE AVERAGE TREE TREND oF EACH Group ACCORDING TO 
YEAR OF ANNUAL GROWTH, IN UNITs OF 0.01 MM. SHORTLEAF PINE IN VIRGINIA 
| | | | " 
; } “Dead” “Lage” | ““Dead”’ | “awe “Dead” “Live” 
| Year | trees | trees Year trees trees || Year | trees | trees 
1854... .. | 64.64 | | 1881...| —16.64 | —46.40 || 1908...} —25.50 | —- 1.67 
HBSS. 5.5. | 73.43 | 1882...| — 5.36 21.40 || 1909...| —16.86 | 5.07 
1856. 2.5% J.ee | 1883...| — 8.71 | 27.13 |} 1910...) —18.00 4.53 
i p= 66.57 | || 1884. ..| 4.64 | 13227 } WSEP....3 16.64 2.87 
1S58....:. —88.50 | 1885. ..| 7.29 | —11.60 ||} 1912 2.86 30.73 
oh a | —14.00 | 1886... | 12.07 | 23.67 1I9TS.....| 2S? 45.87 
1860..... | 22.14 | 1887...) 6.50 | —43.33 || 1914...| 0.21 3.20 
: 1861..... | 34.07 | 1888...) — 3.57 | —35.60 || 1915...| — 5.71 0.27 
: 1862...... | 14.79 | 1} 1889... 7.57 | 40.73 1916...| 8.50 44.00 
1SGS 5 ss | — 0.43 | 1890... 32.71 | 35.40 || 1997... 0.64 4.93 
1864..... | —31.57 | | 1891. 22.21 | 1.73 || 1918...| —19.86 | —18.60 
; ee | — 16.64 |} 1892...} 3.00 | — 6.80 || 1919. 20.71 1.60 
1866.....| — 2.79 | | 1893...| 0.07 | —31.60 || 1920 24.57 | —21.13 
| 1867 ... | 33.64 | 1894... 3.28 | 9.13 ji 3921. 13.29 15.33 
‘ 1863. .... | 2.e | | 1695... 6.57 | —12.13 || 1922.. 5.14 9.00 
: a | —44.21 | || 1896... 6.00 | 12.73 || 1923. - 2.43 16.67 
: 1670: 2... | —26.64 | 1897...| 40.93 | 74.53 |} 1924.. 4.29 1.40 
iii... | —23.64 | || 1898... $0.43 | 28.27 || 1925...| 10.79 | 20.47 
: Wid... | — 6.79 | |} 1899...| 28.57 | 14.33 || 1926.. 1.71 | —22.53 
: san | — 1.00 | |} 1900... .| 10.64 | — 0.67 || 1927.. 2iee| 14.60 
i 'r4..... — 6.86 | —43.40 || 1901...| — 2.93 | —35.60 1928. 14.21 | 6.00 
1875.....] —22.71 | —45.27 |] 1902...| —15.29 | —34.53 |] 1929...| 17.43] 26.60 
78... | 2.21 | 24.93 || 1903...} —15.79 | —20.93 || 1930. . 4.64 | 11.47 
. Se | 10.50 | 47.60 || 1504...; — 8.14 | —19.60 || 1931...| 9.14 | S13 
1878..... | 28.86] 118.10 || 1905...| — 0.79 | —17.33 |} 1932. ..| 1.93 | —28.13 
| ol ae 19.21 | —20.07 || 1$06...| —19.57 | —23.20 || 1933... | —10.67 
' 1880..... | — 4.71 | —38.47 || 1907...| —26.29 | —29.50 || 1934... | 0.20 
: | | | 1935. 7.93 
> — an —— as — = 
General mean “Dead” trees: 155.31 
“Live” trees: 178.13 
TABLE 8. Division oF HEMLOCK SUMS oF SQUARES INTO PorTIONS DUE TO ASSIGNABLE 
Causes. HANovER, NEw HAmpsuire. UNITS OF HUNDREDTH MILLIMETERS SQUARED. 
| | 
| Degrees of | Sum of | Percent of 
Due to freedom | squares | total 
Between tree means......... sacs a 7 | 953,490 19.6 
Between years: | 
Average trend (slow change) ... 10 | 1,349,871 27.7 
| 
Residuals from trend.......... 89 | 600,516 | 12.3 
Unaccounted-for remainder......... 693 | 1,967 ,245 | 40.4 
RO ae eee pe 799 | 4,871,122 | 100.0 





TRANSFORMATION OF SCALE 
Had each locality been represented by only a single group, the investiga- 
tion of the influence of precipitation upon the annual variation of. tree ring 
width would have been performed upon the residuals from trends as meas- 
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TABLE 9, RESIDUAL FROM AVERAGE TREE TREND ACCORDING TO YEAR OF ANNUAL RING 
GROWTH, IN UNITs or 0.01 MM. HEMLocK AT HANOVER, NEW HAMPSHIRE 








Year Residual Year Residual Year Residual Year Residual 


1835 31.99 1860 12.54 1885 39.44 1910...... 38.69 
1836... .| —30.48 1861 9.36 1886 : 7.20 i | ee 26.23 
1837 16.26 1862 18.57 1887 ~28.66 1912... 14.40 
1838... 33.85 1863 4.82 96s.....| —1#9.51 || 1913.....| — 2.04 
9... 1.55 1864 11.88 1889... 13.44 || 1914.....]| —31.97 
1840 12.95 1865... 15.08 1890.....| 46.45 1915. 31.88 
1841 19.35 1866... 8.85 1891... 0.80 1916... 71.75 
1842 38.94 1867 24.80 1892 55.24 1917... — $44 
1843 ~34.58 1868 21.40 1893... 19.80 |- 1918... 39.70 
1844 14.67 1869... 30.15 1894 40.74 1919... 19.37 
1845 31.51 1870... 4.92 1895 —45.67 1920. . 49.93 
1846. . 1.86 1871 1.68 1896... ~ 39.41 on... 23.85 
1847 5.51 1872 25.45 —7.....1\—12 2). .... 31.66 
1848 5.35 1873 21.22 1898 18.74 1923... 31.71 
1849... 15.46 1874 24.78 1899.....| —24.30 1924.... 13.83 
1850... 0.10 1875 26.34 1900.....| —37.02 || 1925.....| —10.83 
. a 26.38 1876 0.25 oe.....1 ~ 3.12 | s.....| ~-17.80 
1952.....| —32.42 1877 22.42 1902.....| 44.96 1927... 13.77 
eas... ..) Sees 1878 21.13 1903... 51.02 || 1928... 7.64 
1854.....| —36.69 1879. 10.78 1904.....| —29.87 || 1929..... 22.79 
ee 22.12 1880... 34.42 1905.....| —22.66 || 1930..... 48.91 
ie 3.56 et ..... 3.05 1906..... 2.70 || 1931.....| —27.05 
1657.....| 390.2% 1882... 20.17 1907..... —36.25 || 1932..... —17.95 
_ ae 67.81 1883... 41.66 1908..... —24.48 1933......1 — 6.57 
a... —21.37 1884... 14.88 || 1909..... 3.01 || 1934..... 8.45 


General mean: 150.85 


ured in absolute units, that is, as listed in Tables 3, 5, 7, and 9. As it happens, 
however, each locality, except Hanover (the hemlock data), is represented 
by more than one group. Interest, therefore, is centered not only on the 
average influence of precipitation upon the species according to the grouping, 
but also on the possibility of its differential influence upon the groups within 
each locality. 

One hesitates, however, to pool the annual variations of the groups within 
localities, when annual variation is measured in absolute units, because in 
some cases they differ radically, as is brought out in Table 10. The pertinent 
columns of this table are those which list the standard deviations of the aver- 
age ring width residuals, and their coefficients of variation. How the stand- 
ard deviations are derived may be illustrated in the case of trees numbered 
1 to 12 of the oak in North Carolina: The mean square of residuals from 
trend (column 1) is, of course, the sum of squares between years—108,518 
from table 2—divided by the degrees of freedom upon which it is based—29, 
also from Table 2. But this mean square is 12 times the variance between 
years since it is based upon 12 trees. Its division by 12, then, gives the 





variance of the annual ring widths, and these are listed in column 3 of Table 
10. The standard deviation (column 4) is the square root of the variance. 
In two localities of the three which are represented by more than one 
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TABLE 10. COMPARISON OF ABSOLUTE AND RELATIVE MEASURES OF ANNUAL RING 
WiptH VARIATION 





Mean Number Variance Standard Genera! Coefitcient 
square of of trees | between deviation mean of 
Locality and group residuals | years variation 


from trend 


(0.01 mm)? (0.01 mm)? (0.01 mm) (0.01 mm) 


Oak in North Carolina: Percent 
Trecs 1 to 12 , 3,742.0 12 311.83 7.7 171.0 10.4 
Ji ee Ga Ye 311.3 5 62.26 7.9 91.4 8.6 
Longleaf pine in Florida: 
At loske City... ....... 40 463.6 12 3,371 97 58.1 485.3 12.0 
At Gainesville... .. Zey195.3 18 1,230.85 5.3 293.9 1E:9 
At Jacksonville. , 29,620.2 iz 2,468.35 49.7 310.9 | 16.0 
Shortleaf pine in Virginia: 
‘“‘Dead” trees...... 8,431.4 14 602.24 24.5 LSS. 3 15.8 
‘‘Live” trees... 14,293 .7 15 952.91 30.9 178.3 17.3 
Hemlock in New Hampshire: 6,747.4 8 843.42 29.0 150.8 19.2 


group, there is very considerable variation among the standard deviations. 
On the other hand, the coefficients of variation, that is, the ratios of the 
standard deviations to corresponding means, are fairly uniform within their 
respective localities (column 6). This suggests that the groups within locali- 
ties may be pooled and considered, for the present at least, as parts of com- 
mon locality populations, provided the residuals be measured on a relative 
scale. Should differential influence of precipitation upon groups within locali- 
ties be then discovered, it would not have been due to the circumstance that 
different groups have different general means. 

Henceforth then, average annual variation will be measured in terms of 
the logarithmic transformation of the observations of Tables 3, 5, and 7; 
that is, 

General mean + residual 
logyo : - : 
General mean 
in which a residual is taken from Table 3, 5, or 7, according to vear and group, 
and the general mean is that of the same group as given at the bottom of 
the table. 

Expressed in this form the residuals should supply homogeneous material 
for the study of precipitation effects between and within groups of the same 
species. It was decided, therefore, to base subsequent analyses of the oak 
and pine on the logarithmic scale. There is no advantage, however, in the 
transformation of the hemlock residuals; for these fall into a single group. 
They alone are maintained in the original absolute scale. 


METHOD OF INVESTIGATING INFLUENCE OF 
PRECIPITATION 
The present investigation of the influence of precipitation on the annual 
variation of tree ring width is based upon the method employed by Schu- 
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macher and Meyer (1937) on white fir in Switzerland. The method is 
essentially that developed by Fisher (1925) in dealing with rainfall-wheat 
yield relationships in England. In brief outline it is as follows: 

If the average effect of an additional inch of precipitation during a short 
time interval (¢) within a given period of time on the width of annual rings 
(on any scale) may be expressed by the equation 


w=a,t a,{ X(0 ] + a,| X,() |+ icoes tag] Xy(0)| pienke (2 


in which X(t), Xo(t),...,. Yp(t) are orthogonal functions of the time 
interval (¢) during the period, and do, a1, dy . . . @p are constants to be de- 
termined; and if the precipitation within the same time interval (¢) of the 


same period may be expressed 
p = x) +2,{ V,(0)| + 2,| X,(1 | eee + xy| X00) | eden (3) 


then the whole effect of the precipitation distribution during the period on 


the width (zw) of an annual ring may be written 


where /,,, is the mean value of the observed annual ring widths. The sum- 
mation is carried over all time intervals of the period, the first and last of 


; T T , a 
which are denoted by — = and => respectively, T being the number of 


time intervals within the period. On account of certain properties of the 
orthogonal functions X;( fH}, [ +1—0,1,2,...k |. such as 


me bean ~ 
] (X;)=0; (Xj?) = T; and ] (Xj; Xj) = O; 
ee ae aa: 
where 7 differs from j, [7—=0, 1, 2, . . . Rk], upon substituting (2) and (3) 


into (4), the latter becomes 


w— M,, me OPES, FO, +H 20000000: +apap)......++-(5) 


The object of the analysis is the pictorial representation of equation (2). 
The coefficients %, 1, .. . , %p of equation (3) are first determined by the 
method of least squares from the rainfall record of each period at the Weather 
Bureau stations. These coefficients are then regarded as (k + 1) independ- 
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ent variates, in terms of which the annual ring width residuals (7 — Mg) 
are to be expressed according to the method of least squares. The solution 
affords estimates of the unknowns do, a}, ..., dp. Finally, upon putting 
these in equation (2) the average effect appears of an additional inch of 
precipitation in each time interval of the period on the width of annual ring. 
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Fic. 12. Comparison of the average precip- 
itation trends with the recorded average 
monthly precipitation over the 15-month peri- 
ods at the U. S. Weather Bureau stations. 


Period lengths of 15 months were chosen beginning with June 1 of the 
year preceding growth of the annual ring, and ending with August 31 of the 
year of growth. The precipitation records used are by months, hence the 
time interval ¢ is 1 month, and T, the number of intervals in the period, is 15. 
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THE PRECIPITATION DISTRIBUTION CONSTANTS 


The first part of the work is the determination of the precipitation co- 
efficients a, %, ..., ap of the orthogonal polynomial equation (3) which 
describes the precipitation distribution of each period for which data are at 
hand. Polynomials of degree 6 were chosen. Calculation of the coefficients 
is facilitated through the use of published tables of orthogonal functions. A 
very convenient set is given by Lorenz (1931) together with a full discussion 
of the theory, and application to specific problems. 

Employing the computational scheme and checking method as recom- 
mended by Lorenz, precipitation coefficients were calculated for each of the 


TABLE 11. COEFFICIENTS OF ORTHOGONAL PoLYNOMIALS WHICH ExprEss PRECIPITATION 
TRENDS (IN HUNDREDTHS OF INCHES) AT ASHEVILLE, N. C., By MONTHLY 
INTERVALS FROM JUNE OF A PRECEDING YEAR TO AUGUST, INCLUSIVE, 
OF A CURRENT YEAR, FOR THE CURRENT YEARS 1904 To 1935 





Current COEFFICIENTS 
year oe <= = 

Ao oe ay As Xs a; Xs 
ee 285 20 98 66 | 3 25 | — 15 
es.......4 355 115 103 30 - 30 — 60 | — 92 
1906.......| 401 | — 21 78 31 — 28 | 52 | —190 
A — $1 91 29 — 44 - § 72 
a 350 84 73 57 | 50 20 — 27 
1909....... 463 54 46 | | —163 56 | — 31 
1910..... 387 20 212 6 30 3 2 
| ae 354 20 149 27 21 138 35 
ae | 331 4 3 4 —107 44 |}— 13 
ee 6 34 76 | — 27 | 33 | 14 
1914... 279 38 81 30 — 16 12 11 
1915... 388 — 4] 24 35 16 | — 63 2 
1916... 377 31 69 11 41 —103 | on BH 
1917... 348 32 115 50 4 70 — 69 
Se 23 89 - 24 — 41 24 4 
1919..... 412 83 8 11 — 14 - 9] 46 
1920... 299 79 89 40 63 80 | 19 
Re a 360 2 17 19 ~ 54 10 | — 80 
et...cc.t 2 10 35 82 5 14 — 51 
ES 32 27 63 — 0 | — 22 
1924... | 290 17 27 29 | — 14 15 | — 72 
1925 a — 70 18 26 | — 33 46 | — 42 
a 230 71 10 19 40 | — 24 0 
. ae 276 15 | 30 0 |—28 | 5 | — 71 
ee ae 50 | 98 16 45 9 | 51 
SO eee | — 64 20 62 —118 69 16 
| ae ee | — 88 25 40 | — 57 | — 44 | 97 
1931.. a 35 20 — 2 2 1 59 
1932 266 — 7 |—24 —43 | 45 | 11 | — 66 
eit ae 4 BY 4 37 8 |—47 | 34 
1934... | 289 24 | 40 — 69 | — 58 17 | — 42 
1935... 359 |— 13 | 45 17 | 17 — 48 }— 17 


Average...) 329.09| 6.62 | 53.00 13.31 | — 16.81 | 8.41 | — 16.19 
| | 
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15-month periods ending with August 31, according to the years and locali- 
ties represented by the annual ring data. These are as follows: 1904 to 
1935 at Asheville, North Carolina (Table 11); 1908 to 1935 at Lake City, 
Florida (Table 12); 1898 to 1935 at Gainesville, Florida (Table 13); 1894 
to 1935 at Jacksonville, Florida (Table 14) ; 1854 to 1935 at Washington, D. 
C. (Table 15) ; 1836 to 1934 (omitting 1856 to 1867 for which there were no 
records) at Hanover, New Hampshire (Table 16). 

At the bottom of each table is the average of each coefficient. From these 
the precipitation trends for the average period over the years listed have been 
calculated, and they are compared with the recorded average rainfall in 


Figure 12. 


TABLE 12. COEFFICIENTS OF ORTHOGONAL POLYNOMIALS WHICH ExXpRESS PRECIPITATION 
TRENDS (IN HUNbDREDTHS oF INCHES) AT LAKE Clty, FLA., By MONTHLY 
INTERVALS FROM JUNE OF A PRECEDING YEAR TO AUGUST, INCLUSIVE, 
OF A CURRENT YEAR, FOR THE CURRENT YEARS 1908 To 1935 








Current COEFFICIENTS 
year —_—— “ ar Peake aga impr ee pea) ates —— 
Xo a Ay (BN ay | As Xe 
1908....... 391 117 a oe a ee a ene 
1909.......] 402 190 a7 CO iS i ee. 
ee 522 17 368 | ome: QS | — 65 48 | —204 
1911.......| 476 a £3 417 | 9 | 39 28 | 
e.....1 Se ie | 87 | 38 | —116 63 | —4?7 
as.......1 3B ~~ § 181 ge fae 7. 29 
1914.......| 449 ~~ 100 | 34 4s 1 &@ |—h 
1915.......| 470 ~~ : an a | — 39 a 80 
96: ...... 420 — 51 | 134 | 31 —135 | —105 | — 24 
> Fe 438 — 27 124 | 26 66 | = | — $5 
8....... 401 | 44 So a % |=% 
1919....... 554 66 151 | 33 ee oe) 57 
ee 521 — 47 | 168 | — 69 | 39 120 |— 12 
21.......1 46 i~-eo {| ®» | # on § 3S ae 29 
az. ......, 25 — | 98 |—47 |—58 |— 8 |—68 
1923.......} 422 31 | 125 | = 39 | en | — 2 10 
1924.......| 438 ; | | —152 0 | | — 6l 
975.../.. 436 — Se | je OF 72 60 | — 38 
1926.......| 505 77 210 |—4 | 22 | — ae | —}42 
1927.......| 480 |—79 32 6|j— 48 69 27 113 
1928.......| 559 99 166 | —198 43 67 70 
1929.......| 505 — 46 | 180 ° | 12 51 34 | 7 
1930.......| 458 — $8 49 | — 54 39 62 73 
1931.......| 456 36 125 | — 24 7 67 75 
. ea 396 47 as - io Of 73 113 116 
as,......1 33 — 9 |} 13 |— 9 | 36 7% =| 65 
1934.......] 482 49 iso hCUldgj — 1 219 25 | 7§ 
ree 451 69 | 361 10 | 29 9 | —146 
Average... 468 .68 0.18 167.43 | 15.21 39.75 7.25 60.61 
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TABLE 13. COEFFICIENTS OF ORTHOGONAL PoLYNOMIALS WHICH EXPRESS PRECIPITATION 
TRENDS (IN HUNDREDTHS oF INCHES) AT GAINESVILLE, FLA., BY MoNTHLY 
INTERVALS FROM JUNE OF A PRECEDING YEAR TO AUGUST, INCLUSIVE, 

OF A CURRENT YEAR, FOR THE CURRENT YEARS 1898 to 1935 











Current COEFFICIENTS 
year = - - — —_ |———- — — 
Xo x X» io 7 As As 
1898... | 461 30 203 =| 122 -6 {|—12 |—9% 
1899... 469 87 149 125 |—29 | 104 | —15) 
1900.......] 444 44 34 14 |—168 | 103 | — 36 
e.......1 BO 95 169 —~s | ee i~e — 57 
1902.......) 421 |—114 | 174 —-60 {|}—92 | 15 — 66 
ees) SR I— 7? | FF 48 | 77 — 35 12 
1904... | 430 }— 29 | 107 | 1 |— § | 18 =| —180 
1905.......] 500 | 131 294 % | 9 es it 
ast ee lm OF 243 = |— 8 | —195 —45 | —131 
1907... | 3 I+? 295 |—89 | — 30 4 | — 51 
1908...... | 446 /—35 | 123 | 87 | —105 — 43 — 65 
| ee [at | me | 2 IB [a a 
bi -edie one dL | a/ ~ =— sa ss . an 
I911.......] 419 | —134 28 | 12 | 2 r | 60 
I912.......) 493 | 88 | 2 | 6 |— 373 — 6 — 56 
. ae re 225 y | — 6 |—2 
. 440 «| — 97 77 47. | — 54 41 | —182 
ee i a > | wm ies | & | — 37 
me 423 26 155 | 104 | — 80 —103 | 25 
a aa 142 | 64 | 9 0 | —100 
. ae 379 | = =49 178 80 — 48 121 | 7 
ae | 505 |) 3 122 65 | — 74 34 | — 18 
1920......-| 531 — 15 136 -55 | —77 45 | 6 
Mtr) Se | ~ Be 180 72 | —146 —143 —151 
1922....,.., 488 |— 6 155 19 | — 43 58 — 73 
H923.......) 451 | 49 | 120 27. | —143 — 39 | 56 
iid nies 507 | 43 170 |—169 | 41 — 68 —105 
Pe .t a | ee 2100 | #43 =|—62 36 —151 
ae 4944 | 40 | 110 ; i~ 3 9 —131 
c.f a. {ae 201. = | — 17 — 46 - 35 — 70 
1928......., 509 | 124 | 296 |—77 | 39 15 30 
ee, ..55.) 5 | ~B 189 =|} —16 =| —132 105 | — 58 
ess. VP i—23 | Of |—gs | —o8 —3 |-19 
m7ol......., 474 |—2 | 1 |[—25 | 94 — 65 be 3 
RS | 344 22 | #145 | —31 | —127 | 112 | —143 
a ee eS ae > | ee. l=—@ 68 21 77 
eve a | 9 |—.1 | —214 74 12 
eee 452. | 84 | 324 58 21 — 33 — 34 
Et ee SI oe Oe ce Se LES San 


Average....| 464.00} — 7.68| 171.45| 7.47 | — 46.45 7.55 | — $9.26 
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TRENDS (IN HUNDREDTHS OF INCHES) AT JACKSONVILLE, FLA., BY MONTHLY 


INTERVALS FROM JUNE OF A PRECEDING YEAR TO AuGuUST, INCLUSIVE, 
OF A CURRENT YEAR, FOR THE CURRENT YEARS 1894 To 1935 





Current | 
year | 
| 


1894. ..... 
1895.00... 
1M.....:. 
1897....... 
1898... 
1899.0... 
1e....... 
1901.......| 
we....... | 
_ See 
e....... 
1905....... 
1906....... 
1907....... 
1908....... 
1909....... 
1910....... 
ae 
ee 
1913....... 
04....... 
1916....... 
oe 
| 
1919.00... 
1920....... 
1922....... 
073....... 
mat....... 





Average.... 








Ay | % 
an me 
3330s | —100 
377 — 
426 - 45 
480 58 
435 74 
415 21 
488 .. = 
391 | — 68 
565 .— 32 
339 —_ 
S01 41 
502 50 
344 3 
415 — 19 
S11 ~ 69 
385 — §§ 
366 a 
462 76 
434 | —109 
340 5 
406 | ~—- 
373 | — 37 
425 |—19 
332 | — 66 
468 | 145 
556 | — 4i 
439 |— 36 
471 | 7 
434 | — 46 
428 | 35 
452 | — 87 
454 46 
415 | —152 
417 | 57 
443 |— 2 
448 | — 32 
370 =| — 37 
a3060C<d|lC(iti a 
604 | —150 
533 | — 14 
4533 |—ll 
441.19 | — 17.00 | 


24 
103 
105 
202 

83 
175 
243 
210 

51 
41 
136 

48 
143 
161 
113 
104 
228 
231 
107 
117 
ol | 
155 
106 
200} 
163 

| 
| 





158 

48 
110 
137 
352 


187 | — 
314s - 


| 


138.88 








COEFFICIENTS 


As 


anche 
re 

a 

46 
= 
74 

ey? x 
a | eo 


= 98 


79 
97 


115 


| —108 


227 
24 
41 


10.14 | - 


—100 
pepe 


a; 


+ 


- 3 


202 
53 


69 


—130 


78 


- 10 


101 


45 


64 


Za 
90 
130 
91 
21 


-~ 


. $9 


108 
46 


17 


117 
68 
19 
65 
19 

144 

181 
52 


58 





19 | 


re 


tae 


i) 
15 

24 
—143 


110 


16 


155 
9? 
29 
76 
69 
58 
17 
19 


te 
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TABLE 15. COEFFICIENTS OF ORTHOGONAL POLYNOMIALS WHICH Express PRECIPITATION 
TRENDS (IN HUNDREDTHS oF INCHES) AT WASHINGTON, D. C., By MonTHLY 
INTERVALS FROM JUNE OF A PRECEDING YEAR TO AUGUST, INCLUSIVE, 

OF A CURRENT YEAR, FOR THE CURRENT YEARS 1854 TO 1935 




















Current | COEFFICIENTS 
year | | ——— ee 
Ao x x Qs Qs Qs Ae 
1854.......1| 276 40 55 23 35 1 7 
1855 217 49 29 24 38 71 17 
1856......| 322 2 87 33 21 50 I 
s7.......1 3s 80 190 6 6 11 4] 
1858... | 368 - 46 102 23 - 44 23 6 
1859 | 350 0 50 2 14 28 26 
1860. . | 320 2 40 11 3 18 74 
1861 368 66 | 61 74 ~ 17 19 23 
1862.......| 390 24 35 29 73 33 — 35 
ae 13 23 86 — §? 2 — 74 
1864.......| 331 10 0 25 — 15 103 42 
Pascd 2 112 40 45 82 - 30 — 50 
1866 1 365 18 64 42? 5 — 45 —132 
is7.......] 32 57 72 76 10 101 | 92 
oee.......1 238 33 100 23 — 68 @ 15 
1869.......| 383 86 8 47 vom ae ; io@ 
1870.......| 349 2? 32 24 = =. 25 
eT h....«. | 310 20 54 5 — 4] — 38 - 34 
1872.......| 280 — 33 116 36 48 | 39 40 
EP csc ae 40 21 71 3 45 50 
, ae ee — 5} 4 18 116 | 40 33 
| ea a 86 140 134 105 94 77 
i876...... 396 g 37 44 — 92 | 78 — 56 
| ae — 36 68 18 —$98 — 2] 11 
ioe.......1 “0 55 114 65 10 —67 | 0 
ae...) ae 109 143 82 » | 8 48 
es | 325 | 0 27 34 —18 | 8I — 15 
el..:.... 15 — 64 51 10 3 | — 31 
er.......1 Oe 38 — 95 36 121 i— 4 =%|—%3 
. jj a- | 387 38 33 | — 17 —100 | 26 |—45 
1884. | 451 ;}—15 | 41 —~138 Is |—47 |— 94 
es.......3 36 |—17 102 — 31 129 | 2 | —75 
_ ee | = 99 |— 4 - 40 —131 | — 83 | — 28 
1887.......] 354 —95 | 94 94 21 fg iw 
ea ae 41 10 — 25 0 |—2 — 2 
1889 eee] 496 | 95 > |—#7 —133 |—11 | 49 
1890.......| 390 | - | ef 0 j— 3 | 49 | 92 
Micccnk Mee | i— 99 6 — 31 | 2 iw 
1892 se] 394 | — 53 12 — 98 —_ 64 | — 97 
BS os Ss 271 7 = aap — 45 — 3 | 33 = l | 
1894.......} 271 > ig 26 —10 |—15 | 46 | 
es... | 63 i — 43 — 39 — 9 —wy |i—n 
ae | So 3 27 63 54 CS % | — §7 | 
ee ee 75 32 — 57 —39 | 38 |—2 | 
ee: ..8 “ae «| 6 86 82 -— ¢ 2 te 
oee.....:.) S71 18 — 18 45 —10 | 5 =|—9 
1900.......] 368 0 25 | — 39 —127 | 0 |j+-272 
. eee — 9 | 135 —106 46 |—85 | 81 
. a ee |— 41 |— 15 | — 58 41 | 8 | — 85 
. — 430 7 6 6| +s | 30 39 |—27 | 22 
ae ae 22 85 | — 26 —62 |—16 |—63 
me...) 4 | 8 | | SB | Be im ge 1 Qe 
Se — + 2 | 115 = | ee in 
07 ..<... 435 —119 105 tt ne cn a a a 
See a ee ee 20 42 18 — II r 
1909.......| 305 - 7 — 20 mB *i—s {| #& $%[— 7 
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TABLE 15. (Continued) 








Current 
year ae 
Ay 
i 284 
ih Joe 
re 410 
62S 367 
ho 334 
iL) a 362 
i ae 356 
‘re 373 
oe 343 
Cy ae 331 
LS 361 
iL) 344 
(4! 369 
J. 365 
. —e 370 
a 299 
1996. . 302 306 
Up ih rae 356 
a 384 
Le 359 
Ls 272 
Se 243 
he 312 
ii 461 
iL. ee 370 
lis or 415 
Average.... 362.76 











hr Ww 
? 4 
tw © 


Yh 


| 
On 
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| 
SIN 
INON Pe nwa 


| 
| 
~~ 














Ae As 
eae ee 
101 51 
29 -— 38 
67 — 37 
35 48 
95 12 
105 — 56 
100 — 97 
69 —115 
22 — 34 
78 0 
45 — 67 
47 — 22 
62 — 34 
14 — 70 
57 55 
31 94 
— § 82 
133 120 
20 — 25 
25 — 56 
84 — 37 
— 22 — 58 
46 110 
99 11 
— 36 84 
44.70 | — 7.28 


COEFFICIENTS 


— 76 
122 
—175 
19 

36 
| — 51 
29 

- 57 
—118 


— 16.99 





62 
70 
81 
9 
26 
26 


100 
—86 
24 
84 


128 
33 








Xe 


an — 


14 


16 
— 18 
— 60 
esis 26 
—110 
29 
— 69 
— 47 
—-116 


- 97 


116 
66 


- 40 
85 


>] 


86 


— 14.21 
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TABLE 16. COEFFICIENTS OF ORTHOGONAL POLYNOMIALS WHICH EXPRESS PRECIPITATION 
TRENDS (IN HUNDREDTHS Or INCHES) AT HANOVER, NEw HAMPSHIRE, BY MONTHLY 


INTERVALS FROM JUNE OF A PRECEDING YEAR TO AUGUST, INCLUSIVE, 
OF A CURRENT YEAR, FOR THE CURRENT YEARS 1836 To 1855 
AND 1868 To 1934 








Current 
year 

Ay 
1836....... 303 
Lh =e 309 
(a 296 
| 322 
1660....... 336 
| ae 357 
la 326 
1643....... 464 
Bees... 432 
Lo 3/3 
i686....... 297 
LY S57 
iSae......- 401 
| ere 370 
1650: . 2.4. 369 
lS oe 370 
| iy ne 336 
ORNS. x65 5% 301 
lS 289 
|S eee 293 
. ae 290 
Lt ae 308 
ae 339 
i eee 193 
Ly) See 269 
lk 298 
Sf See 301 
Lt eee 288 
it eee 261 
i ee 308 
i Sees 291 
LY ae 276 
air 255 
lL) a 225 
Lo 235 
i ee 220 
lo) ee 253 
USD is sok. 261 
lo 294 
Lee 340 
Le 329 
i.) Eee 337 
1690. ...... 375 
LS) 347 
ee 320 
Lae 330 
594. ...... 263 
RM osc. Le 249 
eG... cc.s. 298 
1 ee 350 
lo 348 
1899....... 296 
| res 293 
|) 











— 19 





40 


52 
51 
51 
48 
109 
82 
28 
81 
31 
75 
89 
10 
40 


19 
44 
29 


75 


34 
28 
21 
76 
28 
97 
104 
46 
16 


44 
45 
26 


15 





i—~— 2 
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CoeEFFICIENTS 


—114 


34 


—130 








13 
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to 
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—104 
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— 19 


34 
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16 
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TABLE 16. (Continued) 




















Current CoEFFICIENTS 
vear ee ————S 

Xo oe x oF a, | Xs | Xe 
02.......1| | 31 | 28 ae. 1.5 |. 2 tae 
1903...... a ee | 39 24 =—s | eS Se: 
1904.......] 285 }—42 | 88 — $f | 28 i os 7 
ec. ae. | 55 | 74 56 oo |— 19 24 
1906.......| 339 | 52 96 i pi Be | La eae 
1907.......| 252 16 20 — 51 }\— 42 =|—19 | 14 
1908.......| 293 - 34 2 an |\— 48 | 70 
1909.......| 243 19 «a 92 nm SE 30 so ins 
1910.......| 248 a 19 3 5 8 37 
290 ey ee 25 es a _— 
n2.......1 30 —53 | € — 15 ome 70 5 
1913.......| 289 a — & 32 — 45 32 20 
ea....... 36 an 9 2 46 22 
eS 276 87 92 53 4 a —1% 
1916.......} 352 — » 66 nO an FQ 64 —106 
1917.......| 296 —_ 2 83 —23 |— 22 — 25 25 
1918.......| 284 —~ {5 86 ——ae 27 a 71 
9m9.......1 27 ~~ 7 40 18 — 38 18 85 
1920.......| 341 19 aaa 16 oe 31 58 
21.......1 3 — % — 42 ~~ $3 14 26 
922.......| 3% 67 13 was 87 — % — 23 21 
1923.......] 293 — 69 — 13 oe 26 
wi.......1 3 14 — 55 — 4 — 2 37 
., 311 19 38 20 —110 — — 0 
we.......1 oon 99 16 14 — § wnt $9 
ne.......1 a —s | 3 45 — 42 l= enn BF 
i 335 18 — 2 95 — 14 — 52 36 
we.......1 Bs — 14 41 — 49 — 47 38 22 
oe....... 247 9 58 15 — 2 a 2 
wat....... 301 61 88 i — $4 — — 
1932.......| 336 a 87 0 37 38 nae 
1933.......| 336 28 14 2. |—s 38 64 
1934.......| 305 a» 32 an ee — 4 30 
Average... 308.06 | — 4.02 33.53 5.25 | — 15.85 | — 7.61] — 0.28 

















REGRESSION OF GROWTH ON PRECIPITATION AT 
DIFFERENT SEASONS 

The unknowns dp, a4, ..., @g, of equation (5) were next calculated by 
the method of least squares, the dependent variate of each set being the trans- 
formed residual from average trend according to year, for the group under 
consideration. This variate, designated by (vy) is the (w—M,y,) of 
equation (5). 

WHITE OAK IN NORTH CAROLINA 


As a step toward the solution of the normal equations for the white oak 





groups, the sums of squares and products of the independent. variates- 
which are common to both groups—are found by correcting the crude sums 
of squares and products among the precipitation coefhcients, %, 1, .... %, 
for Asheville, to their respective means. The corrected values are given in 


Table 17. 
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l‘inally, there is needed to complete the normal equations, the sum of 
products of the dependent variate, y, with each independent variate in turn. 
The two groups, however, have been subjected to precisely the same precipi- 
tation distributions. Should they have reacted to them in perceptibly differ- 
ent ways, the regression of corresponding annual differences between groups 
on the precipitation coefficients would turn up as a significant departure 
from zero. In other words, if y,; and yy, denote the dependent variates of 


the first and second groups respectively, the regression equation 


(Y, YJ) = 24,2, + Ry, Aeewsnees PRM sa paresinirgorencens (5a) 


in which (Y, — Ye) is the calculated value corresponding to the observed 
(V1 — V2), should be significant. Should, however, such regression be an 
insignificant departure from zero, any differential response of the two groups 
to the same precipitation is not recognized, and therefore the best estimate 


TABLE 17. CoRRECTED SUMS OF SQUARES AND PRODUCTS OF THE RAINFALL COEFFICIENTS. 
ASHEVILLE, N. C., 1904 To 1935 











. 4 2 Qe as a, Os | Os 
@........{ 93,875 | 2,360 | 29,431 | 11,215 |—23,593  |— 5,010 | 14,487 
RS: Sea | 83,034 | 20,049 | 7,683 | 21,217 |— 180 |—17,150 
IONE neces A sn xeonis 81,016 | 1,836 20,000 21,622 1,301 
ee errs eon, eee | 45,161 8,079 |—17,917 | 19,680 
Ris sise bese | a ae LeNaweSth -ank Aes 76,797 |— 7,292 | 8,408 
ae aD ITS) ORs BNO, Maries Tie “ | 80,126 |— 72194 
eis ss ees Ft 8 103,437 





of the effect of precipitation on the oak data should be contained in the re- 
gression of the combined annual dependent variates of the two groups upon 
the precipitation coefficients ; that is 


(it, + Fy) ~a, +e, + ...... PM ita pivciianavouvecees (5b) 


As another possible alternative, should both (5a) and (5b) turn up signifi- 
cant, the separate regressions for Y, and VY» may be obtained by taking half 
the sum and difference, respectively, of equations (5a) and (5b). 

The sums of products of (vy; — vo) and of (14 + ve) with each inde- 
pendent variate are given in Table 18. 

Tests of significance of the regressions are based upon analyses of var- 


iance (Fisher, 1936). In general 
S(y — M,)* = S(y — Y)? + S(Y—M,)” 


in which Y is the estimate of y by the method of least squares. The left- 
hand member of the above identity is the total sum of squares before eliminat- 
ing that part due to regression on the precipitation distribution during the 
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15-month periods. The sum of squares due to the regression is calculated 
through the identity 


J 


S(Y—M,)* = Ta,'S|a(y—M,) | +Ta,"S[a,(y—M, | 


re: Ta S| x(9 ~ M,)| 


for which the sums of products are listed in Table 18 and the correspond- 
ing regression coefficients in Table 19. The remaining sum of squares, 
S(y— ¥)*, is due to deviation from regression; that is, it is that part of 
the total sum of squares that has been found to be independent of the precipi- 
tation distribution. 

Sums of squares ascribable to these sources of variation are recorded 
for (¥1 — V2) and for (y,; + yy), in turn, in Table 20, on the lines desig- 
nated “Total,” “Deviation from regression,” and “Regression on a . . . 2,” 
respectively. It is useful to subdivide, for each regression, the sum of 
regression on precipitation coeffi- 





squares due to the last-named source 
cients—into two components, namely, (1) that which is ascribable to varia- 
tion of total, or average, precipitation between the 15-month periods, depend- 
ent on a only; and (2) the remaining component ascribable to variation 
in precipitation from season to season within the 15-month periods, depend- 
ent on the @ ... @@ variation. 

How the subdivision is carried out may be illustrated with the data 
(vy —1»2). Had a—the average monthly precipitation of each period— 
been the only independent variate available, the regression of (y— My) on 
a would have been given by 

sna crc 0.013550 
S(a,— Ma,)” 93,875 vr 


an effect that differs in sign from that given in Table 18—that is, —0.018037 
—which is the effect of a independent of the other precipitation variates 


a, ... a. The sum of squares due to the use of a alone ts 


| S| a(x — My) ‘i 


(1272)? 


; gars * 
S{a, — Me)" 9 
Upon subtracting this quantity from the sum of squares due to a . . . %@, 
the remainder, 908.7, is due to a, ... a; that is, to the differential effect 


of precipitation falling at different seasons of the period. 

In an analogous manner the sum of squares of (Vy + Ve) are subdivided 
in the same table. 

The total sum of squares in Table 20 is based upon 29 degrees of free- 


dom among the 32 observations of sums and differences, since 2 degrees of 
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TABLE 18. CorrectED SUMs oF PrRopuUcTs oF SUMS AND DIFFERENCES OF LOGARITHMIC 
ResipuAcs (X 10°) AND THE PRECIPITATION COEFFICIENTS. WHITE OAK 
AT ASHEVILLE, N. C. 





Sum or Propucts Wir Rarnractt CoeFFICIENT 
Group com-| - ~~) ———— -=; — cement tes 


bination | Ay m | oe Xs As Qs Ae 
(yi—yz2)..| 1,272 | 2,991 |— 4,216 | 716 | 259 |—14,003 |—12,425 
(yi +y2)..| 55,384 | 12,053 | 1,574 |—38,294 | 9,819 |—23,379 |—41,471 


ea | 








TABLE 19. REGRESSION COEFFICIENTS OF LOGARITHMIC REsIDUALS (X 10°) ON THE 
RAINFALL COEFFICIENTS. WHITE OAK AT ASHEVILLE,-N. C. 


| 





Group 


combination | 15ay 15a; 15a 1Sa3 1Sa, 15a; l5a¢ 





(v1 — 2)... |—0.018037| +0.005528 +0.004259 +0.002906 +0.004907—-0. 188133\—0.135814 


(y1 + ys)... .|+0.845289| +0. 231468 —0. 255306 —1 .282539| +0. 232643|—0.439287 —0.046389 








TABLE 20. TESTS OF SIGNIFICANCE OF REGRESSION OF THE WHITE OAK DATA ON 
ASHEVILLE, N. C., RAINFALL COEFFICIENTS 





Group combination and source Degrees of Sum of 
of variation treedom squares | Mean square 











Difference between groups i.e., (y:i—y2): 











Regression on & only.......... l 17.2 17.2! 

Increase with @....@......... 6 908.7 151.5! 

Regression on &....@....... 7 925.9 | 132.3' 

Deviation from regression...... 22 14,395.1 654.3 
eee 29 15,321.0 | 

Sum of both groups 1.e., (vit-y2): 

Regression on & only.......... l 32,675.2 32,675? 

Increase with @....&@........ 6 75,551.6 i2,992* 

Regression on & ....&..... 7 108 , 226.8 15,461? 

Deviation from regression. ... . 22 112,159.2 5,098 
A ae eeree 29 220, 386.0 





iNot significant. 
*Significant at the 5 percent level. 
Significant at slightly higher than the 5 percert level. 


freedom were used in fitting trend curves of degree 2 to the original data, 
after 1 is absorbed by the general mean. Seven degrees of freedom are used 
in fitting the regression on % ... 2%. Deviations from regression are there- 
fore based upon the remaining 22 degrees of freedom. 

For the data (vy —\»2) the mean square due to regression on %» alone, 
to the remaining effect of z, ... %, and to the regression on % . . . %& 
are all, in fact, less than the mean square of deviations from regression. The 
data therefore contain conclusive evidence that the two groups of oak are 
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not reacting to the precipitation distributions in perceptibly different ways. 

The best estimate of the effect of precipitation distribution on either 
group of the oak data is, in consequence, contained in the regression of 
(V1 + 2) on the precipitation coefficients. Tests pertaining thereto are con- 
tained in the lower half of Table 20. The regression on ap . . . %g is signifi- 
cant. The regression on % alone is also significant. 

The evidence is therefore convincing that width of annual ring of the 
oak depends upon both the aggregate amount of precipitation to which it is 
exposed during the 15-month period preceding the end of its growing season, 
and upon how the precipitation is distributed within the period. There is 
no evidence, however, that the two groups of trees into which the data were 
subdivided, have been affected differently by either the aggregate precipita- 
tion or its distribution. 

The extent of precipitation influence may be illustrated by graphic repre- 
sentation of the effect of an additional inch of precipitation per month, ac- 
cording to the months of the period, upon the width of annual ring. Putting 
the coefficients a), a,,..., ag, for the data (yy + ye) as derived from Table 
19, into equation (2) and dividing by 2 we have 


i? +¥,): +5 10.845289 + 0.231468] (0) | + ta 0.046389] XY, If 
the functions X,(¢) ... X(t) being taken from Lorenz’s tables (1931). 
The calculated values are then plotted on ¢. Since precipitation is in terms 
of hundredths of inches per month, and the logarithms of relative annual 
ring width residuals used in the calculations have been multiplied by 10%, 
the calculated values are divided by 10 to show the average effect of an 
additional inch of precipitation per month on unit logarithm of annual ring 
width. But rather than show resulting logarithms on arithmetic scale, the 
percentage deviation from the average ring width—derived from the anti- 
are presented in Figure 13. In this figure the curve of each group 





logarithms 
is shown for comparison with the average of both groups. The average 
curve, of course, portrays the best estimate of precipitation effect, because 
the other two do not differ significantly. 

The middle curve of Figure 13 thus represents the average benefit to the 
annual ring width of 1 inch of precipitation per month, during the 15-month 
period, in excess of each monthly average as given by the precipitation dis- 
tribution curve of Figure 12, for Asheville, North Carolina. Change in sign 
of the ordinate scales would, of course, represent corresponding average dam- 
age chargeable to 1 inch of precipitation per month below its monthly aver 
age. In like manner, the best estimate of annual ring width as a result of no 





change from the monthly averages—that is, the average precipitation dis- 
tribution itself—would be zero deviation from the general averages given 


at the bottom of Table 3. 
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Figure 13 shows that the most beneficial distribution of precipitation for 
white oak as represented by these data, is a rather dry August and September 
followed by a wet winter, spring, and early summer. 
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Fic. 13. Average effect of 1 additional inch of precipitation per month on the 
width of annual ring of white oak near Asheville, N. C. 


LONGLEAF PINE IN FLORIDA 


The longleaf pine data were submitted to analyses similar to those em- 
ployed on the oak. Regression equations were calculated from the data of 
each group—Lake City, Gainesville, Jacksonville—separately, as each was 
subjected to precipitation distributions peculiar to its own locality. A com- 
mon regression equation was then calculated from the data of the combined 
groups. 

Division of total sum of squares into pertinent portions resulting from 
“ach analysis is given in Table 21. It might be pointed out, again, that the 
degrees of freedom upon which the total sum of squares of the analysis of 
each group is based is the number of annual observations less (d + 1) de- 
grees of freedom, where d is the degree of trend used in removing the effect 
of slow change in annual ring width. The number of observations available 
are 28, 38, and 42 for Lake City, Gainesville, and Jacksonville, respectively. 
The degrees of freedom absorbed by the trend curves are, in turn, 4, 6, and 
3. Hence the sum of squares for the total of each group in the present an- 
alvses are 23, 31, and 38. These are listed in Table 21. 
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Each group may, of course, be tested individually. There is some ad- 
vantage, however, in searching for consistency of precipitation effect on the 
annual ring width of the three groups. Accordingly, pertinent quantities, 
drawn from Table 21, are assembled in Table 22. The first two sums of 
squares in the latter table, containing the analysis of the a» effects, are taken 
from the first line of each part of Table 21. 

TABLE 21. DivisION OF THE SUMS OF SQUARES OF THE LONGLEAF PINE DATA FROM 


FLoRIDA INTO PARTS DUE TO, AND INDEPENDENT OF, THE RAINFALL 
COEFFICIENTS AT NEAREST STATIONS 





Degrees of Sum of 

































































Tree group and source of variation | freedom squares 
: | — ——— 
Lake City group: 
EN l | 19, 565.1 
IS RG cu c's 555 pack ped aa tase. 6 9,678.9 
| | 
ete all rienced sonia iisdatibiacliiia 
NOD 5 5 fas Sexo DSS eee ees ede on | 7 29 , 244.0 
Deviation from regression...............0.200. 16 | 33,819.0 
RATS REE, HAE neces incite 
DRI on td analy eater as 23 | 63 ,063.0 
Gainesville group: | | 
ee ree I 2,291.3 
eee eee Terr ery eee ore | 6 | 5,014.5 
NON MUR 6 hs oks vs vans es enw ed ves 7 7,305.8 
Deviation from regression. ..................05- 24 61,153.2 
—— ——— 7 — EN 
PN ene ald Beat aria weet ae | 31 68 ,459.0 
| $$ } —___ ——— -—= 
Jacksonville group: | | 
ee rae I | 19 376.0 
so ae sds sa eave Saha ws Sens 6 21,148.0 
ee re ee | 7 | 40, 524.0 
Deviation from regression..................005. | 31 | 134,841.1 
OO ee i - $$ __— - a ——— 
SES err eee Seer nner ran: | 38 | 175,365.1 
—eSSS es = — | ————————— — — 
All groups combined: | | 
PMI OI og views cc inave cea weeas | I 18,352.7 
Increase with @....@@....... pein a wana eda | 6 12,624.4 
ne | ee ped 7 | 30,977.1 
Deviation from regression..................... | 85 | 275,909.9 
Ea rere errr os 92 | 306,887.0 
Por the Lake City group.............. 19,565.1 with 1 degree of freedom 
For the Gainesville group.............. 2,291.3 with 1 degree of freedom 
For the Jacksonville group............. 19,376.0 with 1 degree of freedom 
For the three groups individually....... 41,232.4 with 3 degrees of freedom 
For the three groups combined......... 18,352.7 with 1 degree of freedom 
Differential effect on groups........... 22,879.7 with 2 degrees of freedom 
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Similarly the sum of squares due to 21 ....% on the combined group— 
that is, 12,624.4 which is entered directly from Table 21 to Table 22—is 
less than the corresponding pooled sum of squares of the individual groups 
by 23,217.0. The latter quantity is therefore due to the differental effect of 
the precipitation coefficients %; ....%g onthe groups, and this is also entered. 

The fifth line of Table 22 contains the pooled sum of squares of deviation 
from individual group regressions. It is the part of the pooled total sum 
of squares (recorded in the bottom line of the table) which is independent 
of precipitation, as based upon the pooled 71 degrees of freedom. 

As the tabulation brings out, the average a» effect within groups is sig- 
nificant ; but so, also, is the differential effect of a on the groups. The effect 
of the distribution coefficients 2; .. . as, however, are not significant. It is 
to be concluded, therefore, that the width of annual ring is a function of 
average precipitation per month—or aggregate over the 15-month period— 
but not of its distribution within the period; and that there is a significant 
differential effect of precipitation, in amount but not in distribution, on the 
several groups. 

TABLE 22. FINAL ANALYSIS OF VARIANCE, AND TESTS OF SIGNIFICANCE OF THE 


REGRESSIONS OF LONGLEAF PINE ON THE PRECIPITATION COEFFICIENTS 
AT NEAREST STATIONS IN FLORIDA 


























Degrees of | Sum of 
Source of variation freedom squares | Mean square 
{Average effect within groups I 18,352.7 18,353! 
\Differential effect on groups... ... 2 22 ,879.7 11,440! 
&,... .&fAverage effect within groups. 6 | 12 ,624.4 | 2,104? 
| Differential effect on groups 12 23 ,217.0 1,935? 
Deviation from individual group 

regressions. .... WETS 71 229 ,813.2 Sya07 

Total within groups...... ; 92 | 306,887.0 


Significant at the 5 percent level. 
2Not significant. 

The regression functions in the form of equation (2) are pictured in 
Figure 14. The departure of each curve from the horizontal line representing 
its own average level cannot be shown to be due to variation in the effect of 
monthly precipitation. Furthermore, the negative average level of the Gaines- 
ville regression is not a significant departure from zero, as the test of its 
own % effect, by means of the data in the Gainesville group of Table 21, 
would demonstrate. Its departure from the average level of the Lake City 
and Jacksonville regressions, however, is probably real, in the light of the 
significant differential effect of a on the groups. 

The best estimate of precipitation upon the Lake City and Jacksonville 
longleaf pine is derived from the regression on 2, only, that is 
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in which numerator and denominator represent the pooled sums of products 
and sums of squares, respectively, for the two groups. Upon calculation, 
this value is found to be 0.50 percent increase in annual ring width per inch 
increase of precipitation per month. 
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Fic. 14. Average effect of 1 additional inch of precipitation per month on the 
width of annual ring of Florida longleaf pine. 


SHORTLEAF PINE IN VIRGINIA 


The “dead” and “‘live” tree groups of shortleaf pine in Virginia were 
subjected separately to regression on the precipitation coefficients at nearby 
Washington, D. C. A common regression based upon the combined data of 
the two groups is not used; for annual ring data from the years 1874 to 
1932 are represented in both groups, while the other years between 1854 and 
1935 are represented in one or the other group only. Hence an analysis of 
differential effect of precipitation distribution upon the two groups is not 
to be obtained by a simple classification of the sums of squares involved. As 
it turns out, however, the interpretation of results obtained is very simple. 

The division of the sums of squares into portions due to, and independent 
of, the precipitation coefficients is presented in Table 23 for each group. Cur- 
sory examination of the mean squares of the “dead” tree group affords suffi- 
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cient evidence of complete absence of significant precipitation effects. The 
mean squares due to regression are less than the mean square of the devia- 
tions. 

It was pointed out previously that this group of shortleaf pine had been 
growing upon a lower slope. It may be, therefore, that the soil moisture 
available to its root systems was maintained at sufficient levels independently 
of precipitation fluctuations. 

In the “live” tree group, on the other hand, the regression on % )—aver- 
age precipitation per month during the 15-month period—is probably real, 
for it is significant at the 5 percent level. The effect of precipitation dis- 
tribution upon this group, however, is negligible. 

Figure 15 shows graphically the observed effect of an additional inch of 
precipitation per month on the relative growth of annual ring width for the 
shortleaf pine data. 


TABLE 23. Divisions OF SUMS OF SQUARES OF THE SHORTLEAF PINE DATA INTO PARTS 
DUE TO, AND INDEPENDENT OF, THE RAINFALL COEFFICIENTS AT WASHINGTON, D. C. 












































Degrees of | Sum of 
Tree group and source of variation freedom squares Mean square 
” a t aan | 
“Dead” tree group: | 
Regression on & only... ... | 1 15.9 16! 
Increase with @....@,.........} 6 | 22,789.8 | 3,798! 
Regression on @....Q%....... | 7 Y See Fes 
Deviation from regression... .. . | 68 | 400,884.2 5,895 
Detects ses scves | 75 | 423,689.9 
“Live” tree group: | | 
Regression on & only..........| l 4 ee es Be) 21,230? 
Increase with @....@ ......... 6 26,418.4 4,403! 
I aint 
x - | - = | 
Regression on &....&@........| 7 47 ,647.9 A ae 
Deviation from regression... . . 51 |} 250,517.5 | 4,912 
| | 
are age 58 | 298,165.4 





INot significant. 
*Significant at the 5 percent level. 


HEMLOCK IN NEW HAMPSHIRE 

Unlike the data for the other species, hemlock comprises a single group. 
As there is no advantage in transforming its residuals from the average 
trend curve of the group to the logarithmic scale they are maintained in 
the original scale of hundredth millimeters. 

The division of the hemlock sum of squares into portions due to, and 
independent of, the precipitation coefficients at Hanover, New Hampshire, 
are shown in Table 24. The total sum of squares is based upon 76 degrees of 
freedom among the 87 annual ring residuals, since 11 degrees of freedom 
were absorbed in fitting the trend curve of degree 10. It is at once evident 
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Fic. 15. Average effect of 1 additional inch of precipitation per month on the 
width of annual ring of shortleaf pine near Washington, D. C. 


that there is a complete lack of significant precipitation effect, as mean squares 
due to regression are less than the mean square of the deviations. 

The graphical representation of the effect of an additional inch of pre- 
cipitation per month is presented in Figure 16.° It is to be observed that ad- 
ditional precipitation during the months of July and August of both preced- 
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Fic. 16. Average effect of 1 additional inch of precipitation per month on the 
width of annual ring of hemlock near Hanover, N. H. 


® The ordinate of Figure 16 has been transcribed to the percentage scale in harmony with 
corresponding figures of other species. 
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ing and current years tends to increase the width of the current annual ring. 
It may be that the failure of these observed effects to turn up significant 
is ascribable to the known unusual tolerance of the species to competition of 
its associates. Variability in competition to which individual hemlock trees 
are subjected in different years may have overshadowed the benefit of precipi- 
tation rather thoroughly. 


TABLE 24. Division oF SUMS oF SQUARES OF THE HEMLOCK DATA INTO PARTS DUE TO, 
AND INDEPENDENT OF, THE RAINFALL COEFFICIENTS AT HANOVER, NEw HAMPSHIRE 





| 
| 








cer 5 Degrecs of | Sum of - | 
Sources of variaticn freedom | squares | Mean square 
Regression on &» only s l 47,914.90 | 47.915 
Increase with &... .&, 6 110,736.08 | 18,456 
Regression of &. .. .& ene 7 | 158,650.98 | 22 ,664 
Deviation frem regression : 69 | 6,463,110.70 | 93 ,668 
Total... ; 76 6,621, 761.68 





SUMMARY 


Annual ring width variation, even in the dominant stand of a pure forest 
type, is marked by notable heterogeneity. In order to investigate the effects 
of meteorological elements upon annual ring width it is imperative that the 
total variation among ring widths of a number of sample trees be arranged 
according to the sequence of years for which data are at hand, so as to 
segregate theretrom statistically homogeneous material for the study of me- 
teorological effects. 

This process is part of an analysis through which the total variation is 
divided into portions whose causes, or groups of causes, are assignable. One 
source of heterogeneity is the complex of inherent and longtime environ- 
mental factors which control the average ring widths of individual trees over 
the entire span of years represented by the data; another is the influence 
of age progression and site quality trend which brings about slow changes 
in growth common to the dominant stand. 

Annual variation is made up of statistically homogeneous material com- 
mon to the trees of the dominant stand, and is due mostly to fluctuations of 
climate. A remaining unaccounted-for part peculiar to each ring, is the nat- 
ural outcome of variation in the width of individual rings at different points 
along their perimeters, and to errors of measurement. 

The data are made up of 2 groups of white oak from western North 
Carolina, 3 groups of longleaf pine from Florida, 2 groups of shortleaf pine 
from northern Virginia, and a group of hemlock from New Hampshire. Out 
of the total sum of squares among the annual ring widths of the separate 
groups, only from 3 to 12 percent is in common annual variation ascribable 
to fluctuations of climate. The need for isolating these relatively small por- 
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tions from the totals in order to evaluate the effect of a single meteorological 
element, precipitation, is obvious. 

The method used is that of regression analysis. The dependent variate 
of each group is average residual of the tree rings from trend for each year 
of the sequence. The independent variates were derived from the monthly 
precipitation records at nearest United States Weather Bureau stations. 
Specifically, they are coefficients of orthogonal polynomials of degree 6, 
which express precipitation distribution during the 15-month periods from 
June of a preceding year to August, inclusive, of a current year, for each 
current year of annual ring growth represented by the data. 

The analyses permitted the division of that section of annual ring width 
variation which is due wholly to precipitation into 2 parts; namely, a part 
due to average monthly precipitation regardless of how it is distributed over 
the 15-month period, and a remaining part due only to its distribution. 

The longleaf pine from Gainesville, Florida, one group of shortleaf pine 
from Virginia, and the hemlock from New Hampshire were not affected to 
any significant extent by either the average monthly precipitation or its dis- 
tribution over the 15-month period. The longleaf pine from Lake City and 
from Jacksonville, Florida, and the second group of shortleaf pine from 
Virginia were found to be dependent on amount of precipitation, but not to 
any significant extent upon its distribution, for added width of annual ring. 
The oak data from North Carolina were sensitive to both. 

By means of tables of orthogonal functions the regression equation of 
each group is made to express the average effect of an added inch of precipi- 
tation per month during the 15-month period on width of annual ring. These 
are presented graphically. 
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A QUANTITATIVE STUDY OF TRUE-PRAIRIE 
VEGETATION AFTER THREE YEARS OF 
EXTREME DROUGHT’ 


INTRODUCTION 


Current opinion and activity toward revegetating exploited and submar- 
ginal grasslands justify the expenditure of considerable time in improving 
our knowledge of the behavior of native species under the stress of drought. 
The drought of 1936 equaled or surpassed in severity the great drought of 
1934. This study is intended as another link in the chain of investigations 
concerning the composition, structure, and behavior of the rapidly disappear- 
ing remnants of true prairie. Attention is focused upon the relative capacity 
for survival and reproduction shown during drought by prairie species. That 
even a single species may well merit close and continued study is shown in 
such investigations as those of Savage (1934), Savage and Jacobson (1935), 
and Humphrey (1937). 

A number of papers emanating from various parts of the grassland area 
have set forth the results of the drought of 1934. Pechanec et al. (1937) 
found that perennial herbs were reduced 25 percent on the upper Snake River 
plains of Idaho. The injury was not permanent as shown by the fact that 
in 1935 the number was higher than before the drought. However, the prin- 
cipal forage grasses recovered only slightly. In southeastern Montana, for- 
age grasses were injured far beyond their ability to recover during the 
favorable season of 1935. Blue grama (Bouteloua gracilis), western wheat 
grass (Agropyron smithi), and buffalo grass (Buchloe dactyloides) were 
reduced to 25 percent, but Sandberg bluegrass (Poa secunda) nearly trebled 
its holdings (Ellison and Woolfolk 1937). In the same state, overgrazed 
prairie pastures showed recovery during drought under correct utilization 
(Bell 1935). Beath (1935) reported the ranges of eastern Wyoming to be 
in good condition in June, 1935. However, Allred (1935) states that in 
eastern Colorado blue grama and buffalo grass had been greatly injured and 
that 40 percent of the forage grasses had been killed. 

The present study is most closely related to the work of Weaver and 
Albertson (1936) and Weaver, Stoddart, and Noll (1935). They found 
that among native grasses the worst killing was correlated with shortest root 
systems. Western wheat grass and aster (Aster multiflorus) had increased. 
That soil moisture was the critical factor was shown by the normal activity 
of watered plants during the period of greatest stress. The investigations of 
Weaver (1919, 1920) and of Nedrow (1937) on the root development and 
depth of efficient absorption by prairie plants have made possible the inter- 


1 Contribution from the Department of Botany, University of Nebraska, No. 109. The writer 
was aided in this research by a grant from the Nebraska Academy of Sciences. 
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pretation of drought behavior of most native plants in terms of available 
soil moisture. The effects of any disturbance can be well known only in so far 
as the original or normal condition is understood. The bases of comparison 
for this study have been provided by the extensive survey of \Weaver and 
Fitzpatrick (1934) and the intensive work of Steiger (1930). 

It is a pleasure to acknowledge the assistance given the writer by Dr. 
J. I. Weaver. It was he who suggested the problem and whose thorough 
familiarity with the vegetation made possible the identification of species in 
all stages of development. 

PROCEDURE 

In order to obtain an average of conditions and to study behavior of 
various species under different local conditions of soil and climate, selection 
was made of nine prairies. [Eight of these had been previously described. 
The most distant is 110 miles southwest of Lincoln and the two nearest each 
other are 10 miles apart but on quite different soil types (Fig. 1). 
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Fic. 1. Map showing location of prairies studied (x) and the 
towns near which they lie (0). 


Field work was carried on during the summers of 1936 and 1937. Studies 
were made at three periods each season, always with the assistance of one or 
two competent helpers. After careful reconnaissance, enough permanent 
plots were established to sample each of the principal types of vegetation. 
The plots were usually placed on the tension line between alternes and thus 
included two types. The size and shape of the plots varied with the kind and 
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density of the vegetation, but the meter quadrat proved most satisfactory. 
The list or census method was employed, owing to the dominance of the sod 
form and to the belief that this is the most accurate method and the only one 
which can be used by subsequent workers with equal accuracy. In a few 
instances where stolons were present or short grasses were especially dense, 
estimated percent of cover instead of number of stems was recorded. In 
such cases the number of stems required to form one percent basal cover was 
determined. Where short-lived annuals were unusually dense, they were 
ordinarily not counted ; instead the number of square decimeter units occupied 
by them was recorded. The plots were marked at diagonally opposite corners 
by a square oak stake and a round iron one, each 15 inches long, and driven 
even with the soil surface in order not to interfere with mowing. <A con- 
spicuous piece of red rubber was embedded with an end exposed just outside 
the wooden stake and the position of the latter established by angle and dis- 
tance from a land mark and when practicable from one other plot. 

Under the stimulus of such work as that of Cain (1931), Emmett and 
Ashby (1934) and others, an effort was made to correlate vegetation type 
with chemical and physical factors of the soil. Soil samples were taken from 
different types of vegetation on prairies where alternes were the sharpest, 
and tests were made for the amount of chlorides by the method deseribed by 
Weaver and Clements (1938). 

Determinations of available moisture were made from samples from 
depths of 3 to 4 feet twice each season, and on three prairies to depths of 8 
to 15 feet once each August. Only water in excess of the hygroscopic co- 
efficient was considered available. Tests for the presence of carbonates and 
for the degree of acidity by using the colorimetric method were also made 
on numerous samples from different alternes. 

The species were recorded on five prairies each year in 25 to 100 semi- 
circular temporary plots .8 sq. m. in area and spaced at fixed intervals along 
predetermined lines. The interval and number of plots were governed by 
the size of the tract and general uniformity of the vegetation. This was 
done in order to determine whether drought causes changes in distribution 
of dominants concomitant with changes in abundance. 

Notes were taken concerning the condition of the important species, and 
an estimate of the abundance of each species observed was recorded on a 
5-point scale. A prepared form containing the names of 120 species most 
important on upland prairies (Weaver and Fitzpatrick 1934) was used. The 
figure 1 placed after the name of a species indicated that it was very abun- 
dant ; 2 indicated abundant ; 3, common; 4, infrequent; and 5, rare. 

Meteorological data were obtained from United States Weather Bureau 
records for the station nearest the prairie under discussion, and behavior of 
the vegetation was interpreted in the light of these data and conditions of soil. 

Under normal precipitation, very pervious soils would be expected to 
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contain more moisture than less pervious ones. [¢xperiments were performed 
‘to ascertain differences, if any, in the degree to which different types of 
prairie vegetation influence the absorption of water. This was done on seven 
prairies in a total of twelve types of vegetation. Well developed bunches of 
grass, stems of forbs, sodded areas or bare areas only a few feet distant were 
selected. Cylinders were made from 15-inch sections of seamless steel tubing 
4 inches in diameter and sharpened at one end. These were forced into the 
soil vertically to depth of 14 inches. A coating of light motor oil inside and 





Fic. 2. Equipment for measuring the rate of infiltration of water into 
the soil pictured in use on the Belleville, Kansas, prairie. One cylinder is 
ready to receive the first of 4 inches of water, and another is in position 


to be forced into the soil. 


out, combined with the sharpness of the cutting edge and the thinness (.1 
inch) of the wall of the cylinder reduced to a minimum the possibility of 
altering the structure of the enclosed soil. Two heavy steel augers anchored 
in the soil were employed to support a heavy, steel-faced oak beam under which 
the jack was set as described by Weaver, Hougen, and Weldon (1935) 
(Fig. 2). The cylinders were usually paired at each setting of the augers. 
Each surface inch of water was added separately and a record kept of the 
time of watering and of the disappearance of the water into the soil. All 
tests were made in replications of four cylinders. On completion, the cylin- 
ders were removed without disturbing the sod by means of an especially 
designed jack. It consisted of a metal disk at the end of a strong screw 
which pressed downward on the soil within the cylinder while a cross-bar 
fitting into the holes in the cylinder wall pulled the latter out of the ground. 
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Musgrave (1935) used similar equipment to study the relation of infiltra- 
tion to runoff and erosion. He states that the method gave results “in 
substantial agreement” with those obtained by the use of lysimeters which 
measure percolation and runoff. Auten (1933) also used cylinders to learn 
that overgrazing and surface fires reduce absorption. Smith et al. (1937) 
found that manuring increased the rate of infiltration in cultivated fields. 
Great differences between cylinders were explained by the presence of worm- 
holes and decayed stalks of corn. 

Finally, in order to learn what potential invaders were present in drought- 
bared areas, 20 to 25 random samples of bare soil to a depth of two inches 
were taken with a trowel on each of five prairies. The samples from each 
prairie were thoroughly mixed and placed in five flats in the greenhouse. A 
record was made of the number and species of all seedlings appearing during 
a period of five months. 

RESULTS 
JAMAICA PRAIRIE 


This prairie has been described (Weaver and Albertson) as “65 acres 
of. rather low, level land lying north of a stream bordered by postclimax 
woodland 12 miles south of Lincoln.” The 20- to 30-foot trees along the 
stream, Salt Creek, shelter the lower part of the prairie from the desiccating 
south winds (Fig. 3). The soil of the lowland is Wabash silt loam. That 





Fig. 3. Jamaica prairie in 1937 showing a broad alterne of wheat grass (dark) 
occupying most of the low ground of the prairie. The wheat grass was interrupted 
by smaller alternes of big bluestem (Fig. 7). 


of the south-facing slope on the north, which forms about 10 percent of 
the area and ascends 20 feet above the general level, is Waukesha silt loam. 

Prior to 1934 big bluestem (Andropogon furcatus)' furnished “60 to 90 
percent” and little bluestem (4. scoparius) on the upland “as much as 25 
percent of the cover.” Considerable prairie dropseed (Sporobolus heterole pis) 
was present in alternes, and Kentucky bluegrass (Poa pratensis) was of gen- 
eral distribution. Wheat grass, blue grama, and buffalo grass were restricted 


1 The nomenclature here is that employed by Weaver and Fitzpatrick (1934). 
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to a few small alternes. Among the forbs, aster, Missouri goldenrod (Sol- 
tdago glaberrima), and prairie rose (Rosa arkansana) were most abundant, 
with prairie sage (Artemisia gnaphalodes) and rough pennyroyal (//edeoma 
hispida) being less abundant.? 

The present study of this prairie was begun in June, 1936. 
was found to be greatly injured, being represented more by dead crowns 
It no longer ranked first in 
The latter 


Big bluestem 


and exposed rhizomes than by living shoots. 
abundance, but was replaced in this respect by wheat grass. 
formed a broad belt diagonally across the prairie (shown by the darker area 
in the middle of Fig. 3). It had its best development on’ poorly drained 
areas and formed an open stand over most of the former area of little blue- 
stem. It also had many other foci of dissemination established over the low 
ground, even to within 40 yards of the wooded creek bank, but was fruiting 
only on the ground invaded during previous years. 

Little bluestem was almost entirely absent where it formerly made up 25 
percent of the cover. Prairie dropseed was widely distributed and commonly 
represented by large half- or more than half-dead bunches. June grass 
(Koeleria cristata) and needle grass (Stipa spartea) were both abundant and 
conspicuous. 

The small interstitial panic grasses (Panicum scribnerianum and P. wil- 
coxianum), though not abundant, were so uniformly distributed that nearly 
every square meter contained at least a few plants. The same was true of 
Kentucky bluegrass and seedlings of goat’s-beard (Tragopogon pratense). 
Canada bluegrass (Poa compressa) was scattered over most of the prairie, 
except the upper slope, but seemed most closely associated with .4gropyron 
smuithiu. Six-weeks fescue (Festuca octoflora) was not seen and _ side-oats 
grama (Bouteloua curtipendula) was rare. 

Aster multiflorus was the most abundant perennial forb. Individuals of 
all heights up to 20 inches formed open to dense stands, both pure and mixed, 
everywhere except in the best Andropogon furcatus along the creek and in 
alternes of pure Agropyron smithiu, Buchloe dactyloides, and Bouteloua 
gracilis. It was not difficult to find square meter areas containing 250 to 300 
stems. Daisy fleabane (Erigeron ramosus) ranked next to aster in abundance 
and was even more conspicuous on higher ground where the severest drought 
injury had occurred. 

Solidago glaberrima was common and widely distributed although largely 
defoliated by grasshoppers. The same was true of upland prairie sunflower 
(Helianthus rigidus) and Tragopogon seedlings, the former being less abun- 
dant. \Withered seedlings of wild lettuce (Lactuca scariola) were very 
abundant but larger plants were uncommon. 

As on most prairies, the major grasses as well as some of the forbs were 
largely aggregated into distinct minor communities of relatively pure popula- 


2 Information as to condition of prairies before 1924 is drawn from Weaver and Albertson (1936) 
and from Dr. Weaver's original prairie notes. 
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tion. This marked alternation is attributable either to local soil differences 
or to chance priority followed by effective aggregation and successful com- 
petition with neighbors and would-be invaders. 

Chemical and moisture analyses of soil samples from within wheat-grass 
alternes and adjacent areas of big bluestem showed only a few minor differ- 


ences. Assuming the chlorides present to be in the form of NaCl, the 
highest salt content (540 parts per million) was in the densest, poorest drained 
g | | ] 


wheat-grass alterne, and an average of all series down to 2 feet showed 
Agropyron soil twice as salty (210 p.p.m) as that underlying Andropogon 
furcatus (110 p.p.m). However, a younger Agropyron alterne yielded at the 
0-6-inch depth the smallest amount of salt (30 p.p.m.). The soil varied in 
acidity from pH 4.7 at the surface to pH 6.6 at a depth of 2 feet. An 
average of all samples from wheat-grass soil equaled pH 5.1 as compared 
with pH 4.9 in the big bluestem type, a difference which may easily have 
resulted from errors in determination. 

No positive test for carbonates was obtained. Available soil moisture 
ranged from a negative amount in the surface six inches to about 12 percent 
at the three-foot level. In two series for which hygroscopic coefficients were 
determined, more available moisture was present under big bluestem than 
under wheat grass at each depth except in the surface six inches where none 
was available in 1936. This difference increased downward at least to 3 
feet. In late August of the following year, however, more moisture was 
present in the Agropyron area because the grass had lain dormant since being 
mowed two months earlier (Table 1). At a depth of two feet under wheat- 
grass sod, the soil was lighter in color, harder when dry, less pervious when 
pinched under water, and stickier when wet than under that of big bluestem. 

In the vicinity of Lincoln in 1936, the rainfall deficiency was nearly one- 
third greater than in 1934 (Fig. 4). I¢xtremes of temperature and humidity 
also deviated widely from normal in 1936. February and July were the 
coldest and hottest, respectively, ever recorded in Nebraska. July was also 
the driest, and August the hottest on record. As shown in Figs. 4 and_ 5, 
July (7) was 10 degrees warmer than normal with the average percentage 
relative humidity 22 lower and rainfall more than 3.5 inches below normal. 


TABLE 1, PERCENTAGE OF AVAILABLE SoIL MOISTURE IN ALTERNES oF Big) BLUESTEM 
AND WESTERN WHEAT Grass Stx FEET APART 








ANDROPOGON AGROPYRON 
1936 1937 1936 1937 

— Hygroscopic|— Hygroscopic - sa 

in feet coefficient June 25 June 19 Aug. 23 coethcient June 25 June 19 “Aug. 23 
ay. ae 13.7 3.4 14.8 Ve 12.0 2.5 13.0 4.5 
5-1 10.7 | 15.8 4.0 10.2 0.2 a 7.9 
1-2 13.0 5.6 5.9 3.0 14.5 2 4.2 3.1 
2-3 12.7 ie 11.0 3.4 11.3 l 5 4.6 
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Rainfall for the three summer months was 73 percent of normal in 1937 
but only 24 percent in 1936. The maximum temperature in 1936, 115° F., 
was 3 degrees higher than in 1934. Evaporation at Lincoln from an open 
pan from April to October was 78.1 inches in 1934, or 9 inches more than in 


1936. The mean vapor pres- 
Monthly rainfall in inches 





sure deficit was higher than " 2 3 4 
normal in 1936 but, except for 90 F7 ' : 
July, lower than that of 1934 


(Fig. 5). That summer 
humidity was far below nor- 
mal in 1936 may be seen by 
comparing the positions of 
numbers 6 to 8 in Figure 5. 

Careful counts of rooted 
shoots of all species in 13 
plots were made during the 
last week in June, 1936 and 
1937, and the principal data 
are shown in Table 2. 

The generally vigorous 
condition of the vegetation 
in June, 1937, as well as the 


Mean monthly temperature in Fahrenheit 


nearly normal moisture con- 


Cumulative precipitation deficit in inches 


ditions of soil and air (Figs. 
4 and 5, and Table 1) lead 
to the conclusion that losses 
in number of stems were 











i 1 


due to death of their under- 1937. 1936 1935 1934 1933 


ground parts, rather than to Fic. 4. Hythergraph showing mean monthly tem- 
mere inhibition of growth. perature and rainfall for 1936 (light line) and for 
eh the 50-year period (heavy line). Numbers 1 to 12 
In May, many species of the represent months. Broken line shows cumulative 
vernal aspect appeared highly precipitation deficit (in inches on right) from Jan- 
fa uary 1, 1933, to August 31, 1937. 





vigorous. Several carices 
were in flower, wheat grass had definitely extended its territory, aster was 
more abundant, and the yellow flowers of goat’s-beard were beginning to 
appear on nearly every square meter (Fig. 6). Most of the bunches of 
prairie dropseed were dead, especially in the dense new alterne of Agro- 
pyron smithti. Rhizomes of the latter had penetrated many of the bunches 
and pierced the dead crowns with their sharp new spears. It was possible 
to proceed in one general direction for 79 paces through this area stepping 
only upon these totally dead crowns. 

The part of this prairie containing most of the plots was mowed early 
(June 13) in order to improve the palatability of the wheat-grass hay. This 
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naturally increased the difficulty of identification in quadrating and made 
necessary the exclusion of data on a few of the rarer species. Accuracy in 
listing of others was not prevented. 


Two weeks after mow- 
Relative humidity in per cent 






































35 45 ~ 65 - ing, the generally distrib- 
T T T 7 — - . . 
7 uted bunches of Stipa had 
produced about 13° inches 
dso of new) growth, <Andro- 
pogon furcatus 8 inches, 
Sporobolus heterolepis 5.5 
470 N 
e inches, but Agropyron none. 
®D = . 
< By August 15, only Sporo- 
D 
460 & bolus asper had recovered 
a 
- enough to fruit. The flower 
Jso » Stalks in the widely spaced 
2 ; 
5 bunches were well over a 
£ 
» meter tall. 
140 ¢£ ae 
8 Within the plots Agro- 
= pyron and downy brome 
1°° 2 (Bromus tectorum) were 
- the only grasses able to take 
oa 
Jz, 2 advantage of the lessened 
1934 competition correlated with 
1936 1 - 
1937 the huge losses suffered by 
Normal 10 ; ; ; ‘ 
ose 2 little bluestem, Koeleria, and 
5 10 1 20 25 Kentucky bluegrass and to 
Mean monthly vapor pressure deficit in . : 
millimeters a smaller degree by big 


Fic. 5. Climograph of mean monthly relative humid- bluestem, Canada bluegrass, 
ity and temperature for 1936 (light line) and for a 
50-year period (heavy line) at the Jamaica prairie. Li ee 
Numbers 1 to 12 represent months. Bar graph shows Stipa, and prairie dropseed. 
mean monthly vapor pressure deficits for 4 summer 
months in 1934, 1936, 1937, and the 50-year period. : : 
Humidity and vapor pressure calculations are based of plots occupied by Oxalis 
on averages of 7:00 A.M., 12:00 Noon, and 7:00 P.M. 
readings. 


Panicum scrtbnertanum, 
The large gain in number 


was less impressive than 
that of Lepidium because 
of the relative numbers of plants involved. Very large increases by the only 
annual grass, downy brome, failed to offset the smaller percentage decreases 
by perennials. Both annual and perennial forbs made distinct increases, the 
former gaining by about the same percentage as the ruderals' (Table 2). 
Each meter quadrat was divided into 100 units, each one decimeter square, 
in order to permit accuracy in listing. In eight of the plots, one or more of 
the square decimeter units of observation were bare the first year. The total 
number of these bare units decreased from 78 to 57 in spite of the creation 


1 The term ruderal (weed) is used to mean an herb not originally a component of prairie vegetation, 
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of many new ones. The principal invaders of these areas were, in order of 


decreasing importance, catchfly (Silene antirrhina), peppergrass (Lepidium 
virginicum), seedlings of daisy fleabane, goat’s-beard, and downy brome. 





Fic. 6. Goat’s-beard, an introduced weed, on the part of the low 
prairie dominated by needle grass and big bluestem. 


TABLE 2. VARIATION IN ABUNDANCE OF Most IMPORTANT SPECIES, TOTAL NUMBER OF 


Piots OccupteEp BotH YEARS, AND NUMBER INVADED OR VACATED BY SPECIES IN 1937, 
AT JAMAICA, NEBRASKA 

















NuMBER OF STEMS NuMBER OF PLoTs 
Species Percentage | Me - 7 : 7 ney —_ 
1936 1937 of change Total Invaded Vacated 
GRASSES | 
Agropyron smithiu : 1,334 1,869 + 40.0 | 11 Z 0 
Andropogon furcatus...... 1,094 569 — 48.0 10 0 l 
Andropogon scoparius...... 908 21 — 97.6 | 8 0 7 
Bromus tectorum........... 244 863 +253.7 4 z l 
OS eee Penne 533 145 — 72.8 9 0 1 
Koeleria cristata....... 830 5 — 99.4 4 0 3 
Panicum scribnerianum...... 75 39 — 48.0 8 2 1 
gS) ee 216 133 — 38.4 4 0 0 
Poa pratensis...... aa aes 6,412 2,428 — 62.1 10 1 2 
Sporobolus heterolepis..... 72 50 — 30.5 2 0 0 
Stipa spartea....... bees 574 300 — 47.7 + 0 1 
Non-GRasseEs 
Artemisia gnaphalodes. ; 253 131 — 48.2 6 0 2 
Aster multsforus pad 334 685 +105.1 10 l l 
Erigeron ramosus 198 359 + 81.3 6 2 l 
Hedeoma hispida. . 76 129 + 69.7 7 2 0 
Lepidium virginicum 108 635 +487 .9 9 3 0 
ee... s.. 24 37 + 54.2 7 6 0 
Rosa arkansana. . 13 9 — 30.8 4 0 1 
Solidago glaberrima 102 l + 10.8 8 1 3 
Tragopogon pratenst 177 287 + 62.1 10 3 0 





mn 
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Only 16 unit areas were devoid of plants both years. The 41 newly bared areas 
were made so by the disappearance of 16 species, chief among which were 
bluegrass, daisy fleabane, aster, and little bluestem. 

When the behavior of different ecological groups of species was studied, 
it was again seen that grasses suffered more than forbs, and perennials more 
than annuals (Table 3). 


TABLE 3. TRENDS OF CHANGE IN FLorIsTiIC COMPOSITION IN PERMANENT PLots AT 
JAMAICA, NEBRASKA 








NuMBER OF STEMS Species Per PLot 
Number : ~ | Percentage Number ‘ 
of species 1936 1937 of change of plots Average Percentage 
of change 
1936 1937 
Oe re | 19 15,564 9,103 — 41.5 13 5.92 ES.5 
Annual...... l 244 863 +253.7 3 15 + 50.0 
Perennial... .. 18 15,320 8,240 46.2 13 EY 7.3 
MORRO. wakes as 29 1,107 2,016 + 82.1 12 4.46 + 19.0 
Annual.......] 6 302 944 +212.5 8 85 +100.0 
Perennial..... 23 805 1,072 + 33.1 12 3.62 0 
Ruderals...... 5 570 1,824 +220.0 12 1.77 + 21.4 
Total. .:. 52 16,997 12,080 — 28.9 13 12.0 2.5 


On a per-plot basis, the number of kinds of annual forbs doubled but 
perennials made no change, while perennial grasses lost 17 percent and weeds 
gained 21 percent. 

Selection was made of an area on low, level ground having a well devel- 
oped wheat-grass sod surrounding an “island” of big bluestem. Dead and 
living bunches of prairie dropseed showed by their abundance that it had 
once been codominant here with big bluestem. Aster was present and prairie 
rose abundant, all within four square rods (Fig. 7). A moderately hard 
claypan was present at depths ranging from 14 to 21 inches in wheat grass 
territory but not in the big bluestem nor prairie dropseed. The results of 
infiltration experiments are shown in ligure 8 and soil moisture conditions 
in Table 1. The first inch of water required 23 minutes to enter the soil 
covered with wheat grass, but disappeared in the other types in & minutes 
or less, requiring only 1.1 minutes in bunches of prairie dropseed. The 
addition of each successive inch resulted in a lag in infiltration rate for at 
least one type. The soil in which aster was rooted absorbed the 4 inches in 
1.6, 2.9, 3.3, and 4.4 minutes respectively, while the rate for big bluestem 
was 8.0 and 20.5 for the third and fourth inches. Soil occupied by Agro- 
pyron did not absorb the first half of the third inch even after 16.5 hours. 

The composite of shallow random soil samples obtained in August, 1937, 
yielded seedlings of 22 species during 5 months in the greenhouse. Annuals 
comprised 82 percent of the species and 86 percent of the plants. The 10 
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ruderals present provided 0.4 of the seedlings. Catchfly was the most abun- 
dant species. 
CRETE AND LINCOLN PRAIRIES 
These prairies are treated together because of their proximity and sim- 
ilarity as to vegetation, soil, and topography. The Crete prairie of 60 acres 





Fic. 7. The areas of wheat grass and bluestem where infiltration rates were meas- 
ured 2 months after mowing. The dark area is big bluestem, the light area, wheat grass. 


is eight miles northeast of Crete, Nebraska, and is one mile west of the 
prairie of the same name described by Weaver and Albertson (1936). The 
Lincoln prairie lies 8.5 miles northwest of the University of Nebraska. It 
includes nearly a section (640 acres) but this study was restricted to approx- 
imately 200 acres in the southeast corner. 

Both tracts consist of flat-topped hills separated by grassy swales and 
wooded ravines. The soil is Carrington silt loam of glacial derivation. It is 
dark, granular, friable, and without lime in the first foot but harder, yellow, 
and speckled with grains of lime at a depth of three feet. Pure veins of lime 
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Time in hours 
Fic. 8. Rate of infiltration of water into the soil in 6 types of vegetation at Jamaica, 
Nebraska; aster (Am), big bluestem (Af), prairie dropseed (Sh), dead crowns of 
prairie dropseed (D), prairie rose (Ra), and western wheat grass (Ag). 
are occasionally encountered at four feet and glacial pebbles at all depths. 
High uniformity in texture is suggested by the narrow range in hygroscopic 
coefficients to a depth of 15 feet (Table 4). However, very sandy areas are 


TABLE 4. PERCENTAGE OF AVAILABLE SOIL MOISTURE OF NEARLY LEVEL UPLAND ( ANDRO- 
POGONS), LOWLAND (SPARTINA), AND A XERIC SLOPE (BOUTELOUA-SPOROBOLUS ) 

















CRETE PRAIRIE | LiIncotn PRAIRIE 
Upianp LowLanD SoutTuwesT Exposure 

Depth | Hygro- | August | August Hygro- August August | Hygro- July June August 

in scopic | 10 10 scopic | 0 | scopic 30 7 5 

feet j|coefficient; 1936 | 1937 |coefficient) 1936 | 1937 | coefficient; 1936 1937 1937 
0-.5..| 10.8 1.7 0.0 1.2 | 0.7 | 0.7 7.3 2.4 |-—0.4 0.2 
A re m2 | #16 0.3 ie |: Oa LS 7.6 0.8 5s as 
he...) a3 | O7 0.9 06 |. 30 3.8 7.4 r5 4.0 0.0 
a. m5 + OS ay ne 1 3.6 2.5 $2 0.0 1.6 0.1 
3-4 10.6 3.6 yi 11.4 4.6 3.6 4.6 0.1 0.4 0.1 
4-5 ..| 11.9 3.2 1.2 10.9 | 5.5 4.8 
5-6 Hs | 42 ed a | a 5 5.8 
= 7.5 | 68 5.1 i ee 10.8 4.8 

es 1.4 | 7.1 3.9 | 11.8 12.3 9.4 
89 ..| 1.8 | 8.3 3.3 11.4 12.2 13.1 
a0 ..| 1.8 | 9.5 8.0 13.8 13.0 10.8 
10-11..; 10.0 | 8.6 10.5 13.7 
14-12 ..1 9.7 8.2 11.7 13.6 
12-13 ..| 10.8 9.8 11.9 12.9 
13-14 .. i2.2 9.8 12.0 12.9 

8 9.7 11.9 12.7 


pets x.j 42: 
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not infrequent. Enough fine material is present to give this soil a high water- 
holding capacity, but it is easily permeable to both water and roots. 

The soil and vegetation of the Lincoln prairie were fully described before 
the drought (Steiger 1930). Andropogon scoparits was dominant on the 
upland and occurred most constantly in random upland plots, followed by 
Bouteloua gracilis, Sporobolus heterolepis, Poa pratensis, Andropogon fur- 
catus, and Boutelou curtipendula. The most abundant upland forbs, in order 
of decreasing importance, were Amorpha canescens, prairie cat’s foot (Anten- 
naria campestris), Solidago glaberrima, and wild alfalfa (Psoralea floribunda). 
Aster multiflorus ranked eighth in 1928. The exact structure of the Crete 


prairie before the drought is not known. 





Fic. 9. One of the many upland areas left bare by the death of Sporobolus 
hetcrolepis following the drought of 1936. 


Meteorological data presented for the Jamaica prairie may be considered as 
approximate, also, for these prairies (Figs. 4 and 5). 

These areas were studied each year in late July and early August. The 
vegetation was extremely dry in 1936. The more mesic grasses were so brittle 
that stems readily broke off underfoot. Many large cracks were present, 
especially in bluegrass sod, and excessive disturbance by rodents was appar- 
ent. Drought injury in 1934, as judged from the number of dead crowns 
present, was less than on prairies farther south and west. Invasion by wheat 
grass and downy brome, and increase in abundance of aster were also com- 
paratively less. The most abundant grasses were big bluestem, little blue- 
stem, and prairie dropseed. The last appeared to have come through the 
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drought of 1934 nearly unscathed. Needle grass and side-oats grama were 
common and of general distribution. Many well established patches of 
smooth brome grass (Bromus inermis) were present at Crete where the yield 


in 1936 was scarcely one-half ton of hay per acre. 





Fic. 10. A slough-grass ravine at Crete in 1936 (above) and 1937 (be 
low). Two crops of hay were produced by Spartina the first year but the 
ravines were too weedy for mowing in 1937. Note the progressive injury to 
the willow. 

Only the most deeply rooted upland forbs, for example Amorpha and 
Aster, were not badly dried. The behavior of Amorpha in folding it leaves 
daily indicated that the moisture-supplying capacity of the subsoil was quite 
low (Table 4). Scarcely any moisture was available in the Lincoln prairie 
to root systems penetrating less than four feet. Antennaria, which failed to 
recover when watered at a depth of 2.5 feet (Weaver et al. 1935), was infre- 
quent on these prairies and absent on others. Aster had advanced from 
eighth position to replace Amorpha as the most important forb. 

Abundance of other important forbs in 1936 and 1937 was as follows: 
Amorpha, 3-3; Erigeron, 2-2; Hedeoma, 4-3; Helianthus rigidus, 2-3; and 


Solidago glaberrima, 3-3. 
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Seven plots containing 40 species were established at the Lincoln prairie 
and eleven containing 52 species at Crete. A census was taken each year. 
In 1937 certain vegetational changes were obvious owing to the drought of 
the previous year. Much prairie dropseed and Kentucky bluegrass had been 
killed, leaving numerous areas protected from erosion only by dead crowns 
and rhizomes (Fig. 9). These and other areas were rapidly being invaded 
by Agropyron and Aster, in some instances nearly to the bottoms of ravines. 
The rank growth of Aster and other weedy species, coupled with the sparse- 
ness of perennial grasses, reduced the value of the hay so that most of each 
prairie was left unmowed (Fig. 10). The 75 percent foliage cover of the 
hilltops consisted largely of seedlings of Erigeron, Senecio, and Tragopogon. 

Big bluestem had merely grown less dense in the 16 plots it occupied, 
but little bluestem had disappeared from four plots while appearing in two 
new ones in 1937 (Table 5). The loss by bluegrass was due in part to severe 
injury by grasshoppers. Other perennial grasses which lost ground were side- 
oats grama, June grass, and the carices. Needle grass and switch grass 
showed small gains, but wheat grass increased over 40 percent. Comparable 
increases were shown only by aster, daisy fleabane, and peppergrass. These 
three species are representative of perennial forbs, annual forbs, and ruderals, 
the abundance of which is shown in Table 6. Perennial grasses alone, of 
the five groups, were reduced by the drought. 

The number of species per plot (13.7) was the same on both prairies in 
1936. 
TABLE 5. VARIATION IN ABUNDANCE OF Most IMPpoRTANT SPECIES, NUMBER OF PLOTS 


OccupiED BotH YEARS, AND NUMBER INVADED OR VACATED By SPECIES IN 1937. 
CRETE AND LINCOLN PRAIRIES 








NuMBER OF STEMS NuMBER OF PLots 
Species ta i ~ | Percentage Lh. en a 
1936 1937 of change Total | Invaded | Vacated 
GRASSES 
Agropyron smithi 705 997 + 41.4 7 | 0 l 
Andropogon furcatus 1,536 1,057 — 31.2 16 0 0 
Andropogon scopartus - l , 383 131 — 90.5 13 2 4 
Bouteloua curtipendula. ... 913 789 — 13.6 11 l 0 
See toes a5 seseeouwenewe 949 346 — 63.5 14 0 4 
Koeleria cristata a ste 578 177 — 69.4 11 0 3 
Panicum virgatum teers 288 | 300 + 4.2 8 2 4 
Poa pratensis..... he ee 2 ,066 1,940 — 6.1 14 | 0 5 
Sporobolus heterolepis........ 1,291 460 — 64.4 12 | 0 q 
Stipa spartea........ 148 163 + 10.1 11 0 3 
| 
Non-GRASsES 
Amor pha canescens oe 50 44 — 12.0 8 0 1 
Aster multiforus. dean 717 875 + 22.0 15 1 0 
Erigeron ramosus 164 361 +120.1 14 3 1 
Helianthus rigidus 69 40 — 42.0 7 9 2 
Lepidium virginicum 68 1,084 +1,494.1 10 | > 1 
Silphium integrifolium . E 462 392 15.1] 1 0 0 
Solidago glaberrima 30 26 3.3 10 | 4 l 
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TABLE 6, TRENDS OF CHANGE IN FLORISTIC COMPOSITION IN PERMANENT PLOTS AT 
CRETE AND LINCOLN PRAIRIES 





NuMBER OF STEMS 

















| Number of as =" | Percentage | Number of 
species 1936 1937 of change plots 
ects opie) pei aes | 24 | 10,457 7,750 | —25.8 | 17 
NS Se | 4 | 53. 82 + 54.7 8 
Perennial...... Ae aiets siete ue 20 | 10,404 7,668 26.3 17 

| | | | 

SN een Gdns tidy 8h akes | 26 | 1,687 | — 2,008 + 19.0 18 
MTR iat 0s EC hyo aierer ects | 6 173 437 +152.6 15 
Weeeeahs ce Cawswanes 20 1,514 Fey + 3.8 | 18 
NS dese orks | 1 | 179 1,217, | 4579.9 | 14 
ere ee ..| 59 } 12,301 10,915 | ee 4 18 





Study of the 88 units of observation that were bare the first year showed 
that 74 were invaded in 1937, chiefly by Erigeron and Lepidium. Death of 
Poa, Andropogon furcatus, Sporobolus heterolepis, and Erigeron resulted in 
most of the 106 new bare units. 

Big bluestem ranked first and aster third in percentage frequency in 85 
random plots in both 1936 and 1937. The first year bluegrass was second 
with needle grass and lead plant fourth and fifth. Side-oats grama was 
second in frequency, peppergrass fourth, and daisy fleabane fifth in 1937. 
Little bluestem, which was most frequent in 1928, occurred in 30 and 9 per- 
cent of the plots during the two years, respectively. 

Perennial forbs were 





‘ Af an : 
/ slightly shorter in 1937, in 
/ f spite of higher precipitation 
/ / than in 1936, but perennial 
/ { grasses were 40 to 50 per- 


/ 

/ cent higher. 

The rates of infiltration 
of water in three tvpes of 
vegetation were measured 
at the end of the growing 
season in 1937. As usual, 
sod of big bluestem ab- 
sorbed most readily. The 
time required — increased 
from 2 minutes for the 





first inch of water to 5.4 








” . , a . P . for the fourth. Seven min- 
10 2 30 40 50 60 70 . 
Time in minutes utes longer were required 


Fic. 11. Rate of infiltration of water into the soil in aster sod, and in slough 
in 3 types of vegetation at Crete, Nebraska; big blue- 


rPAscec p 2 ' . ~ ‘ora 
stem (Af), aster (Am), and slough grass (Sp). grass only 3 inches were 
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Range in rate of absorption in the 4 


absorbed in 74 minutes (Fig. 11). 
For the three types of 


cylinders was rather large, especially in bluestem. 
vegetation the average rate of infiltration was 2.8 times as rapid in the fastest 
as in the slowest cylinder. 

A composite of random samples of surface soil was made up in August, 
1937, from the Crete prairie. Under greenhouse care during 5 months, this 
sample yielded seedlings of 24 species. Only one fifth of the species and 4 
percent of the plants were perennials. Ruderals constituted one fourth of the 


seedlings, but Kentucky bluegrass was the most abundant species. 


HEBRON PRAIRIE 


The Hebron prairie occupies most of a rolling upland tract of 30 acres 
two miles south of that city (Fig. 1). It consists of a low divide and parts 
of 3 shallow ravines, the broader of which is in cultivation and contains the 
only level land on the tract. Soils of two series are represented. The north- 
east one fourth is Shelby fine sandy loam. Although gravel is to be seen on 
the surface, the first foot is a fine sandy loam which gives way at a depth of 
1 to 2 feet to light colored, gravelly subsoil. The remainder of the prairie 
is Nuckolls silt loam, a soil of much greater water-holding capacity. No car- 
bonates occur to a depth of 4 feet. 

In 1931, this prairie was dominated by Andropogon scoparius of the xeric 
bunch type intermingling with 1. furcatus on the upland, and on dry slopes 
with a high percentage of Bouteloua curtipendula and B. gracilis. WKoeleria 
was abundant, Stipa and Buchloe rare. Abundance of forbs in 1931 is shown 
in Table 7. 


TABLE 7. RELATIVE ABUNDANCE OF THE CHIEF Forss AT HEBRON, NEBRASKA, THE 
Figure 1 MEANS VERY ABUNDANT, 2 ABUNDANT, 3 ComMoN, 4 INFREQUENT, 
5 RARE, AND 0 Nor SEEN. 


Species 1931 1936 1937 
NE TERRE 558s pis webs S'S wae Gus STR Winlcicds 1 3 3 
i a ee an aw ew mae 3 3 4 
ES ee ee eee l l 2 
eh oe aw kal iu cliah ath bane Mw Mae l l 3 
i eee sl ul wud wiada deen ek UN aa eke 4 0 3 
tee Laue 645k SVE ss bike saddle he eees Awa 4 4 3 
ee eae Cee Eds aa Vik aoe eww «Vek Se 5 5 3 
EE I ere Ee 0 3 4 
ee Cet ck epehed ih awhseaa sees iweu wus 5 4 2 
es ae hah es Wak OK We Wee oe 3 5 0) 
Oe Te eee 3 () 0 

3 3 3 


ee ee ku aS wk Ka Sw wR ne 


The summer of 1936 at Hebron was characterized by maximum temper- 
atures of 108°, 111°, and 109° F. for June, July, and August, respectively. 
From May to August, inclusive, the greatest rainfall in one day for each of 
the consecutive months was 0.95, 1.3, 1.1, and 0.9 inches. During that time 
two drought periods occurred. None of the 39 days from June 18 to July 
26 received more than 0.08 inch of rain, and in August, 20 consecutive days 
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passed with no effective rain. Precipitation for the year was 12.87 inches. 


All except two months, January and September, received less than normal 


rainfall while mean monthly temperatures were much higher in summer and 


Monthly rainfall in inches 
» iN 2 3 4 


, v T 





90 


neit 


‘ahren 


inches 





Mean monthly temperature in 
i 
~ 
° 


15 


420 


i i. rt 


1937 1936 1935 1934 193 








~ 
a 


1 i 





Fic. 12. Hythergraph of mean monthly temperature 
and rainfall for 1936 (light line) and for a 35-year period 
(heavy line) at Hebron, Nebraska. Broken line shows 
cumulative precipitation deficit from January, 1933, to 
August, 1937. 


Cumulative precipitation deficit in 


lower than normal in 
winter. The year 1935 
had 10.5 inches above 
normal precipitation, 
while 1934 and 1936 
each had about equally 
low rainfall (Fig. 12). 
That available moisture 
was largely depleted in 
the upper 3. feet is 
shown in Table 8. 

Burning had been 
used here as a method of 
weed control. June grass 
was usually abundant 
over most of the prairie, 
both as mature plants 
fruiting at heights of 4 
to 18 inches, and as seed- 
lings. Locally it pro- 
vided a basal cover of 5 
to 10 percent but was 
most conspicuous along 
cracks on poorly covered 
ridges. 

Wheat) grass was 
limited to two sharply 
defined alternes, — both 
coinciding with recent 
deposits of dust from 
cultivated fields on the 
north and south (Tig. 


13). The dust varied in depth from over an inch at the center to one- 
fourth inch at the edge where the wheat grass bordered bluestems and grama 
grasses. The scattered tufts of little bluestem were nearly always sheltered 


by big bluestem and appeared to be much more vigorous than the latter. 
Where the heat had been the greatest on burned spots, only blue grama 


had survived. 


Thirteen permanent plots, enclosing 11 square meters and including 48 
of the 63 species observed on the prairie, were located in different types of 
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TABLE 8. PERCENTAGE OF AVAILABLE Sor MOISTURE OF UPLAND ON GENTLE 
NorTHWEST SLOPE AT HEBRON, NEBRASKA 


Depth Hygroscopic 1936 1937 

in feet coefficient July 22 June 7 July 22 
0-.5 7.0 -2.7 22.0 5.0 
5-1 7.4 -0).5 10.7 2.9 
1-2 12.6 0.2 7.9 0.0 
2-3 12.0 -2.6 3.1 1.9 


vegetation. A census was taken in 1936 and again in 1937 and heights of 
species in each plot were recorded. In addition, a record was made of the 
species found in each of 33 temporary plots. 

On August 4, 8 days after a 1.1l-inch rain, each tuft of little bluestem 
had new leaves among the dead ones while the 9 inches of new growth of 


big bluestem upheld dead tips 3 to 5 inches long. 





Fic. 13. Wheat-grass alternes established on wind-deposited dust 
(white). Agropyron was reduced in density but not in extent in 1937. 


During the first 6 months of 1937, the mean monthly raintall was normal 
while temperatures averaged 2.6° F. below normal. The longest drought 
period, 17 days, ended with an inch of rain on July 3. Six more showers 
totaling 2 inches occurred before the date of study. This precipitation was 
reflected by the soil moisture content (Table 8) and especially by the con- 
dition of the vegetation, which was obviously taller and weedier. Downy 
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brome was distributed over the whole prairie, whereas Agropyron had spread 
but little, becoming less dense in its former territory. Elymus had invaded 
the upland and was established in many small patches. Koeleria and sand 
dropseed were abundant, but Poa and Eragrostis were rare (lig. 14). Among 
the forbs yellow flax (Linum sulcatum) and Hedeoma were much more 


abundant (Table 7). 





Fic. 14. June grass (Koelerta cristata) in the Hebron prairie 
where burning was practiced. 


Analysis of data from the permanent plots, summarized in Tables 9 and 
10, shows that some of the perennial grasses, big bluestem, Poa, Koeleria, 
Panicum scribnerianum, and P. wilcoxianum lost 11 to 93 percent of the 
number of stems present in 1936, Others, such as Agropyron, little blue- 
stem, species of Carex, blue grama, and side-oats grama made gains of 1 to 
65 percent, but the net loss in abundance of perennial grasses was 20 percent. 

Annual grasses, that is Hordeum, Bromus, and Festuca, were abundant 
in 1937 but not in 1936. Stems of the last were so numerous that increase 
was calculated on the basis of the number of square decimeters occupied. 
Annual forbs, for example Plantago and Linum, were consistent in making 
enormous gains which for the 7 species averaged 674 percent. Perennial 
forbs, on the other hand, were inconsistent. Amorpha made a small gain in 
abundance, Aster decreased 25 percent, and Solidago increased 1.5 times, 
largely due to the presence of seedlings. The average gain of 14 species of 
these deep-rooted forbs was 19 percent. 

Other ruderals than downy brome made large gains as well. Pepper- 
grass led this group of six species with its gain of nearly 90 fold. The 
average gain of all species in the 13 plots was 20 percent. Moreover, the 
prairie as a whole appeared to have a much denser cover. 
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The average number of species per plot was 15.7 in 1937, or 17 percent 
greater than the previous year. Considered similarly, species of perennial 
grasses were 22 percent fewer, annual grasses 42 percent more numerous, 
annual forbs and ruderals each 150 percent more abundant, but perennial 
forbs were unchanged. 

TABLE 9, VARIATION IN ABUNDANCE OF Most IMPORTANT SPECIES IN PERMANENT PLoTs 

AT HEBRON, NEBRASKA, NUMBER OF PLots OccupiEeD BoTH YEARS, AND NUMBER 


INVADED OR VACATED By SPECIES IN 1937; ALSO THE PERCENTAGE OF 
TEMPORARY PLOTS IN WHICH SPECIES OCCURRED IN 1936 AND 1937 








. PERCENTAGE 
NuMBER OF STEMS NuMBER OF PLots OccuRRENCE IN 
Temporary Pots 


Species Percentage 
1936 1937 of change Total Invaded | Vacated 1936 1937 
GRASSES 
Agropyron smithu 900 9U8 + 0.9 4 0 l 16 i) 
Andropogon furcatu 2,035 1, 806 ia<2 10 0 0 82 81 
Andropogon scoparius 574 660 + 15.0 7 0 l 26 27 
Bouteloua curtipendula 364 600 + 64.8 9 0 2 24 45 
Bouteloua gracili 703 785 + 11.7 6 0 0 44 57 
Bromus tectorum..... 63 872 + 1,284.1 7 3 0 2 30 
oT ae 318 353 + 11.0 9 0 Z 36 39 
Festuca octoflora. .. (485)* (833)* + 71.8 11 2 0 36 87 
Koeleria cristata......... 2,082 940 54.9 10 0 l 66 54 
Panicum scribnerianum 61 35 42.6 8 l 2 12 18 
Panicum wilcoxianum 39 3 92.3 7 l 5 6 3 
Poa pratensis... 745 52 93.0 5 0 3 12 3 
Non-GrasseEs 
Amor pha canescens 85 O4 + 10.6 8 0 I 66 Ff 
Aster multiflorus... 273 205 24.9 s 0 l 48 48 
Erigeron ramosus.... 380 945 +152.1 1] | 0 ] iz 78 
Hedeoma hispida. 0 851 } 11 | J 0 0 75 
Lepidium virginicum 3 271 +8 933.3 8 6 0 4 33 
Linum sulcatum 0 320 + 7 7 0 2 57 
Plantago purshii . 45 1,144 +2,442.2 5 l 0 22 45 
Solidago glaberrima... 20 50 +159.0 6 l 1 28 21 


*Number of square decimeter units in which species occurred. 


TABLE 10. TRENDS oF CHANGE IN FLORISTIC COMPOSITION IN PERMANENT 
PLots AT HEBRON, NEBRASKA 








NuMBER OF STEMS 





Number of Percentage Number of 

species 1936 1937 of change plots 

Grasses 22 8,192 7,410 — 9.5 13 
Annual Z 100 914 +814.0 8 

l (488)* (849)* + 74.0 11 

Perennial 19 8,092 6,496 — 19.7 13 
Forbs 21 989 3,958 +300.2 ll 
Annual 7 425 3,289 +673 .9 11 
Perennial 14 564 670 + 18.8 10 
Rudcrals 6 112 1,164 +939 3 10 
Total 48 9,230 11,661 + 26.3 13 


*Number of square decimeter units in which species occurred. 
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When first quadrated, 35 of the square decimeter areas were bare but 
not one in 1937. This increase in general density was due to invasion by 21 
species, of which 7 were perennial and 3 annual grasses; 4 were perennial 
forbs, and the rest annual forbs and weeds. Festuca, Hedeoma, [rigeron, 
and Plantago were the chief invaders. 

The vegetation was much taller (58 percent) in 1937, the average height 
being 11 inches. Perennial grasses were 73 percent and annual grasses 214 
percent taller. Perennial forbs were 33 percent and ruderals 125 percent 
taller. These increases in stature were related to the difference in available 
moisture (‘Table 8). 

Since percentage occurrence in temporary, random plots may be consid- 
ered as indicative of the distribution of individual species, data are given in 
Table 9 for the 20 species that were also most prominent in the permanent 
plots. Gains and losses in the latter are in agreement with increased and 
restricted distribution as found in the temporary plots for all but 4 species. 
For these the disagreement is small or explainable by the fact that the species 


are restricted to a few alternes. 


BELLEVILLE PRAIRIE 

Four miles east of Belleville, Kansas, there is a well-drained, north- 
sloping, upland prairie of about 15 acres. 

The pervious, black loam soil is derived from soft limestone parent 
material which occasionally les within 3 feet of the surface on both high 
and low ground. [Below one foot, the black topsoil gives way to light brown, 
then to yellow, less pervious, clavey subsoil. Lime content varies from zero 
in the first 6 inches to nearly pure limestone at 4 feet. Soil reaction in the 
first 6 inches varied from pH 5.4 on the upland to pH 7.3 in a wheat-grass 
hollow, and to pH 7.8 at a depth of 2 to 3 feet. Salt content at this depth 
ranged from 4 to 388 p.p.m., being less at shallow depths, and highest where 
wheat grass was dominant. 

The vegetation in 1931 was characterized by co-dominance of big bluestem 
with both sod and bunch types of little bluestem on the upland, and with 
nodding wild rye in the ravines. Wheat grass was limited to a steep-sided 
hollow on the east. Numerous alternes of buffalo grass and blue grama, both 
pure and mixed, occurred on the upland as did the generally distributed side 
oats grama, June grass, and prairie dropseed. Cactus, plantain, and rough 
pennyroyal were present. 

Although 1936 was the driest year on record for Kansas, the rainfall 
deficiency in the vicinity of Belleville was only 48 percent as great as in 1934. 
The maximum temperature attained in 1936 (i14° I.) was 1 degree less 
than the 1934 maximum. Only 3 months of 1936 had adequate rainfall, while 
winter temperatures were below and summer temperatures above normal 


(Fig. 15). 
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on June 29, avail- Monthly precipitation in inches 

able soil moisture was - 

present to a depth of 4 

feet in the blue-grama eof 

alternes but was ex- 

hausted between 2 and 3 

4 feet in the big-blue- eT] j 

stem type a few feet 4 : 

distant. However, more 4 sof 5 & 

water was available in 4 / : 

; 

the first foot in the latter : i > 

(Table 11). ioe | j 1 : 
Late in June, the 4 y i ° 

vegetation of ravines and : uk" } ls § 

protected slopes was § / 3 

thriving, but that of the any } $ 

upland was dwarfed and a i / - ~ § 

the cover quite open. ¥ 5 

The dominants were af Fd Ba : 

wheat grass and_ big 2 ------/ , , é 
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bluestem, the former : , ; 
Fic. 15. Hythergraph of mean monthly temperature 


being densest on deposits and raintall for 1936 (light line) and for a 33-year period 
(heavy line) at Belleville, Kansas. Numbers 1 to 12 
: : represent months. Broken line shows cumulative precip- 
helds. Little bluestem  itation deficit. from January 1, 1933, to August 31, 1937. 


of dust from adjacent 


was represented by gen- 

erally distributed wisps of 2 to 6 stems on the edges of otherwise dead bunches. | 
It was exceeded in abundance by both side-oats grama and six-weeks fescue. 

Both buffalo grass and blue grama formed nearly pure alternes on ridges and 

exposed slopes. June grass and Panicum scribnerianum were common, but 

Kentucky bluegrass was rare. Downy brome and plantain were locally 

abundant as colonists in bared areas. Abundance of other forbs was as fol- 

lows, the rankings being for 1936 and 1937, respectively: Amorpha, 2-2; 

Artemisia, 2-4; Aster, 1-3; Erigeron, 3-2; Hedeoma, 3-1; Liatris, 3-4; 
sensitive-brier (Morongia uncinata), 3-3; Opuntia, 4-3; and Solidago, 4-4. 


TABLE 11. PERCENTAGE OF AVAILABLE SOIL MOISTURE IN Two UPLAND TyPEs OF 
VEGETATION AT BELLEVILLE, KANSAS 














outeloua gracilis Andropogon furcatus 
| Boutel | And f 
Depth in feet Hygroscopic June 29 June 7 June 29 
coefficient 1936 1937 1936 
0-1 .. 12.1 6.5 8.6 | 16.3 
1-2 13.6 0.3 3.9 0.3 
a. 13.2 1.6 0.3 — 0.9 
3-4 13.0 0.5 0.8 6.3 
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A census taken in the 11 permanent plots the last week in June in both 
1936 and 1937 revealed that they contained 54 of the 78 species observed. 

Precipitation for the first 6 months of 1937 was 0.3 inch below normal, 
and soil moisture below 2 feet had not been increased (Table 11). Temper- 
ature during the summer averaged 4° F. above normal. In spite of appar- 
ently better growing conditions in 1937, the vegetation was again badly 
dwarfed. Perennial grasses were slightly taller but the average height of the 
vegetation (10 inches) was the same as the previous year. Because of the 
abundance of annuals, the cover appeared denser than the year before. 

Other obvious changes were a further large reduction in density of little 
bluestem and such an increase in wheat grass that the dominance of the de- 
pleted big bluestem was challenged. 

Switch grass (Panicum virgatum), blue grama, June grass, and the blue- 
stems sustained losses ranging from 12 to 95 percent. Despite moderate gains 
by side-oats grama, wheat grass, nodding wild rye, and dropseed, the net 
result was a reduction of 17 percent in perennial grasses (Tables 12 and 13). 

Big bluestem formed numerous large, dense bunches in the ravine in 1936. 
The following year these were open and invaded by bluegrass, dropseed, and 
nodding wild rye. This apparently represents the first step in changing from 
the bunch to the sod form which is prevalent in drier habitats. Perennial 
forbs, with such losses as 70 percent for Aster and 90 percent for Artemisia, 
TABLE 12. VARIATION IN ABUNDANCE OF Most IMPORTANT Species, WitH ToTAL NUMBER 


oF PLots OccuptEp BotH YEARS, AND NUMBER INVADED OR VACATED BY SPECIES 
IN 1937, aT BELLEVILLE, KANSAS 








NuMBER OF STEMS NuMBER OF PLots 
Species Percentage 
1936 1937 of change Total Invaded Vacated 
GRASSES 
Agropyron smithit 887 1,047 + 18.0 7 I 0 
Andropogon furcatus..... 1,822 1,037 — 43.1 10 0 0 
Andropogon scoparius ; 178 > — 94.9 4 0 3 
Bouteloua curtipendula... 1,146 1,300 + 13.4 10 0 l 
Bouteloua gracilis . : tf ag 5. 90° — 22.6 8 l 0 
Buchloe dactyloides. . . athe @:53* 0.53° 0 2 l 0 
ie nee ONE 182 181 0.5 , l l 
Elymus canadensis... 23 31 + 34.8 3 0 | 0 
Koeleria cristata. . : 394 279 29.2 9 0 2 
Panicum virgatum.... 132 116 2 3 0 0 
Sporobolus asper.... 362 585 + 61.6 7 0 1 
Non-GrassEs | | 
Amorpha canescens..... aod 43 + 30.3 4 1 0 
Androsace occidentalis... ... 0 472 ' 7 7 0 
Artemisia gnaphalodes m 178 i} 89.9 4 0 1 
Aster multifiorus....... 390 125 | 67.9 6 1 I 
Erigeron ramosus . eed 59 543 +820 .3 10 4 0 
Hedeoma hispida. . one 62 1,862 $2,903 .2 9 0 0 
Lepidium virginicum.. ices 31 1,165 +3,658.1 9 4 0 
Plantago purshit. . 355 4,121 +1,060.8 7 0 0 
Spermolepis patens.... 0 163 + 5 5 0 


*[stimated cover in percent. 
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showed an average decrease of 67 per cent, but annual grasses, forbs and 
weeds became 8 to 36 times more abundant (Fig. 16). 

The total number of species per plot increased from 13.5 to 16.9, which 
was the highest number and largest increase recorded for any prairie. This 
was due to invasion by annuals. While there were 4 percent fewer species 
of perennial grasses and 7 percent fewer species of perennial forbs, annual 
grasses had increased 24 percent, weeds and annual forbs 100 percent. 





Fic. 16. Plantago purshii at Belleville. This early annual overtopped the short grasses 
in June, 1937. 


Dissemination of annuals was such that bare units of observation were 
rare in 1937, although 29 were present in 1936. The chief invaders were 
Festuca, Lepidium, Hedeoma, [rigeron, and Spermolepis (all annuals). 

The many clearly defined alternes afforded an opportunity to study the 
influence of different vegetation on absorption. The rate of infiltration of 4 
inches of water was measured in 5 types. The time required for absorption 
ranged from 34.5 minutes in big bluestem on the upland to 47.4 minutes in 
the wheat-grass hollow. Soil permeated by the fine, fibrous roots of buffalo 
grass absorbed the water in 35 minutes, which was 6 minutes less than re- 


TABLE 13, TRENDS oF CHANGE IN FLORISTIC COMPOSITION IN PERMANENT 
PLots AT BELLEVILLE, KANSAS 








NuMBER OF STEMS 





Number of Percentage Number of 

species 1936 1937 of change | plots 

Grasses. . 23 10,497 10,422 - 0.7 | 11 
Annual 3 361 1,992 + 451.8 10 
Perennial 20 10,136 8,430 -- 16.8 11 
Forbs... be 27 1,152 7 452 + 546.9 10 
Annual : 9 476 7,228 + 1,418.1 10 
Perennial 18 676 224 66.9 10 

l 10 


Ruderals. 5 237 2,112 + 791. 





Total.. 54 11,683 19,u74 + 63.3 11 
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star. Soil covered only by 








jf crowns of dead grass ab- 
sorbed the first inch in 4 
minutes, but the total time 
was only a minute less 
than for blazing star (Fig. 
17). 


CARLETON PRAIRIE 


Inches of water 
i) 


A slightly rolling, typ- 
ical upland bluestem prai- 
rie of 35 acres lies three 
miles southeast of Carle- 
ton, Nebraska. Its surface 








ia . : ‘ gives the impression of 


10 20 30 40 being slightly warped as 





Time in minutes the north part sk ypes to 


Fic. 17. Rate of infiltration of water into the soil in the east and the south to 


5 types of vegetation at Belleville, Kansas; big blue- the west with a_ shallow 
stem (Af), buffalo grass (Bd), dead crowns of grass 
(D), blazing star (Lp), and wheat grass (Ag). 


swale draining diagonally 
eastward across the center. 
An old road, now seldom used, crosses the prairie from northwest to south- 
‘ast and acts as a source of migrules of weedy annuals. The soil is all Crete 
silt loam. The topsoil is dark brown to black and coarsely granular. lime 
is generally present at a depth of 2 to 3 feet and the soil is brown to light 
brown, hard and rather impervious at this depth. In the swale in the wheat- 
grass type a definite claypan is present, beginning at 9 to 12 inches and ex- 
tending to depths of 26 to 30 inches. Over the remainder of the prairie this 
layer is present but more pervious and less superficial. Greater differences 
in acidity occurred between the depths of 6 inches and 3 feet (pH 4.5 to 7.4) 
than between samples from the upper 6 inches on different parts of the prairie 
(pH 4.5 to 5.7). No correlation was found between vegetation type and 
pH number. 

Before the drought this prairie was dominated by the sod form of little 
bluestem except in the swales where this dominance was shared with big 
bluestem and wheat grass. That these swales once supported a more mesic 
vegetation is shown by the presence of relict switch grass, spike-rush ( /:/eo- 
charis acuminata), and clover fern (Marsilia vestita). Several small alternes 
of blue grama and buffalo grass and one of needle grass were found. June 
grass was frequent but not abundant, and Kentucky bluegrass was_ locally 
abundant. Daisy fleabane, aster, poppy mallow, and lead plant were the most 
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abundant forbs. The relative abundance of these and other species is shown 
in Table 14. 

Four days spent on this prairie in the middle of July, 1936, served to 
impress one with the severity of physical.and biotic factors so extreme that 
even native vegetation could not endure them uninjured. Daily maximum 
temperatures ranging from 104 to 111° I*. accompanied by relative humidities 
of 19 to 24 percent, continuous strong winds, glaring sunlight, and subnormal 
precipitation combined to make the grasses crackle underfoot like wheat 
stubble. Only prairie false boneset (Aushnia glutinosa) and blazing star 
appeared unhampered by drought, and they were borne down and _ partly 
eaten by hordes of grasshoppers. Amorpha folded its leaves during the day 
and opened them only slightly by sunrise although the nights were cool and 
relatively calm. Foliage of all other plants was partly or entirely dead. Both 
bluestems appeared in all stages of perishing. Buffalo-grass foliage, including 
stolons as much as 16 inches long, was bleached and apparently lifeless. 
Bunches of blue grama, some a foot in diameter, seemed entirely dead. 

Despite the excess supply of moisture in 1935, which resulted in a fair 
crop of hay, the subsoil moisture supply was greatly depleted (Table 17). 
The eastern half of the prairie was mowed in July, 1935, a month earlier 
than the western half. An economy of soil moisture was thus effected dur- 
ing a period which was too rigorous to permit growth. This, coupled with 


TABLE 14. VARIATION IN ABUNDANCE AND FREQUENCY OF Most IMPORTANT 
SPECIES AT CARLETON, NEBRASKA 








TEMPORARY PLotTs 








ReLativE ABUNDANCE PERCENTAGE OccURRENCE 
Spec es : . : py ae ae | ” 
1931 1936 1937 1936 1937 
GRASSES 
Agropyron smithit...... 3 l | 76 93 
Andropogon furcatus..... 2 2 2 61 42 
Andropogon scoparius........ 1 4 3 15 0 
Bouteloua curtipendula....... 2 l 66 84 
Bouteloua gracilis......... 2 3 20 21 
Bromus tectorum............. 4 2 10 21 
Buchloe dactyloides..... 4 3 4 2 0 
Re Peer ee ee 4 3 3 57 39 
Festuca octoflora.......... 3 ] l 71 93 
Koeleria cristata......... 2 4 4 42 9 
Poa pratensts........44. 3 3 3 25 12 
Sporobolus asper......... 5 + 3 19 
Non-GrassEs 
Amor pha canescens............ ep keaa’ 2 3 3 44 45 
Aster multifiorus.........4... baa ps ea cee ] 1 2 64 60 
Callirrhoe alceoides............ l 5 4 0 | 3 
Erigeron ramosus........... ; l 3 3 33 30 
Hedeoma hispida ............. 4 4 2 40 69 
Lepidium virginicum..... 5 2 18 39 
Plantago purshit.......... 4 4 2 31 66 
4 4 4 13 18 


Rosa arkansana........... 





| 
| 
| 
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the influence of late summer rains, caused the two sides of the prairie to 
differ so distinctly in appearance that a sharp line of demarkation was visible 


between them one year later, that is July, 1936 (Fig. 18). On the east side 





Fic. 18. Carleton prairie, July, 1936. The central line of demarkation resulted from 
difference in dates of mowing the previous year. 
of this line Sporobolus asper, Bouteloua gracilis, B. curtipendula, Andropogon 
furcatus, and Amorpha had flowered after mowing. Species on that side 
seemed also to have gained in vigor for Andropogon furcatus, Amorpha, and 
Bouteloua curtipendula were denser, greener, and taller than just over the 
line marking the different dates of mowing. On the west side Bromus 
tectorum, Festuca octoflora, and Agropyron smithii were better developed. 

Permanent plots were established on 14 carefully selected areas and found 
to contain 49 species. They were widely spaced and included all the im- 
portant grasses. The prairie was not mowed in 1936. Wheat grass had 








Fic. 19. Tension lines at Carleton, August, 1937. Big bluestem (dark ) 
held its ground against the newly established wheat grass (white) in 
favored areas. 
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extended its territory considerably in 1937, side-oats grama was more abun- 
dant, and all native grasses appeared in better condition than in 1936. In 
many local, well-defined areas big bluestem still held complete dominance, 
having repelled the invading wheat grass and most of the annual grasses so 
conspicuous over the prairie (Fig. 19). The line caused by the difference 
in mowing dates was obliterated by the tall wheat grass. A summary of the 
data on the 20 principal species in the quadrats is presented in Table 15. 

TABLE 15, VARIATION IN ABUNDANCE OF Most IMPORTANT SPECIES, TOTAL NUMBER OF 


PLots Occuptep BotH YEARS, AND NUMBER INVADED OR VACATED BY SPECIES 
IN 1937, at CARLETON, NEBRASKA < 














NuMBER OF STEMS NuMBER OF PLots 
Species Saauth. | wai x5, Percentage | | | ; 
1936 1937 | of change | Total | Invaded | Vacated 

GRAssEsS | | | 
Agropyron smithii........... | 1,775 | 2,705 +524 | Ww | 0 | 0 
Andropogon furcatus.......... 925 | 645 | — 30.3 | 12 | 0 | 0 
Andropogon scoparius......... 1,134 | 172 — 84.8 | 8 | 1 1 
Bouteloua curtipendula....... 1,244 | 1,322 + 6.3 | 12 1 | 2 
Bouteloua gracilis........... 779 405 — 48.0 | 9 1 4 
Bromus tectorum........ oe 40 | 242 +505.0 | 8 3 | 1 
Buchloe dactyloides........... 25 .42* ES i aa — 88.9 | 6 2 1 
____ LT Ee 657 409 —37.7 | 0 | 0 | I 
Festuca octoflora........... (485) ¢ (830)¢ | + 71.1 14 2 0 
Koeleria cristata........... 434 29 — 93.3 | 10 0 5 
ee roe 384 708** + 84.4 | 1] 0 3 
Sporobolus asper............ 243 236 — 2.9 | 6 | 1 0 
Stipa spartea......... 2.005. | 70 51 — Wa | 2 ! | 0 

| 

Non-GRASSES 
Amorpha canescens........ 52 31 — 40.4 | 7 | 0 | 0 
Androsace occidentalis....... 41 405 +887.8 | 11 2 0 
Aster multifiorus............ 879 392 — 35.4 | 10 | 1 2 
Erigeron ramosus......... 75 110** + 46.7 | 9 6 0 
Hedeoma hispida........... 104 697 +570.1 13 | + | 0 
Lepidium virginicum....... ; 8 213 +2 ,562.5 13 | 9 0 
Plantago purshti............. 42 367 +773.8 | 12 2 | 0 








tNumber of square decimeter units in which species occurred. 
— 

The deep-rooted Amorpha, occurring in 7 plots, suffered a loss of 40 per- 
cent. However, in the plots on the western side of the prairie the loss was 
58 percent as compared with none on the eastern side which was mowed 
earlier. Aster was another deep-rooted species which decreased consider- 
ably. This is in accord with the long-known fact that because of the dryness 
of the subsoil below the claypan, alfalfa cannot survive drought on Crete 
silt loam. The loss for Aster was 68 percent on the west and 52 on the 
east side of the prairie. Other forbs with deep roots sustained smaller losses 
or none. Among the perennial grasses, buffalo grass, little bluestem, and 
June grass decreased by about 90 percent. Blue grama, big blustem, needle 
grass, and the sedges suffered smaller losses. Wheat grass made a large 
gain, side-oats grama a much smaller one. The large increase of bluegrass 
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was largely due to the appearance of a host of seedlings in one plot. Erigeron 
was present only as well developed seedlings, often 6 inches in height. An- 
nual forbs as Androsace and Hedeoma and weeds such as Lepidium and 
downy brome gained more than 100 percent in these plots as well as becom- 
ing more widely distributed. 

The percentage occurrence of the chief species in temporary random plots 
is given in Table 14 and may be considered as indicative of gain in territory 
occupied (Festuca octoflora), of no change in distribution (Bouteloua 
gracilis), or loss of territory (Andropogon scoparius). 

A clearer conception of the trends of change in floristic composition may 
be obtained by an examination of Table 16. Annual grasses, present in all 
permanent plots, had 5 times as many stems in 1937 as in 1936, but perennial 
Among the forbs the story is similar, again 


grasses were 43 percent fewer. 
The short-lived, shallowly rooted 


reflecting the presence of the claypan. 
weeds gained about 850 percent. 


TRENDS OF CHANGE IN FLORISTIC COMPOSITION IN PERMANENT 


TABLE 16. 
PLots AT CARLETON, NEBRASKA 




















NuMBER OF STEMS 
| Number of | | Percentage Number of 
species 1936 | 1937 of change | plots 
Grasses............... 21 } 13,125 | 7,741 | — 41.0 14 
Pa sexed ae 2 | 53 274 | +416.9 8 
| | (519)* | (830)* | + 59.9 | 14 
oe 18 13,072 7,467 } — 42.9 14 
| 
Lu: ae cs eee 22 1,445 2,364 | + 63.5 14 
1 ae 8 | 352 1,665 +373.0 14 
1 (34)* | (65)* + 91.2 | 2 
iy ae | 13 1,093 | 699 36.0 12 
oO OE Se ae ee ; 6 48 457 +852.1 | 13 
Ore earns 49 14,579 10,528 —78 | 14 


*Number of square decimeter units in which species occurred. 

The average number of species of grasses per plot decreased from 9 to 8, 
annuals gaining and perennials losing approximately 20 percent. Perennial 
forbs lost about 7 percent but annuals and weedy species increased suffi- 
ciently to raise the average total number of species from 14 to 15.6. 

In the total area of 10 square meters quadrated, 14 of the square dec- 
imeter units were bare in 1936 but only 3 in 1937. The most active invaders 
of these bare areas were, in order of diminishing importance, Agropyron, 
Festuca, Boutcloua curtipendula, Androsace, and tledeoma. 

The vegetation averaged two thirds taller in 1937 than its level of 6 inches 
in 1936. Annual grasses were 120 percent taller but annual forbs only one 
third higher. 

Tests of the rate of infiltration of water into soils supporting 3 species of 


grass in pure stands showed that for the first 2 inches applied there was little 
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quired (Fig. 20). 

rate for blue grama and / 

western wheat grass was 'f 

almost the same until the H af 

addition of the third inch. | 

In the cylinder having the 1 / Ag | 
5 inches 


absorbed in, 
7.7 hours 






slowest rate of absorption 






in wheat grass, only half 
of the third inch was ab- 
sorbed after 14.3 hours 


Inches of water 
re) 
i 


and water had penetrated 
only 8.5 inches. In an- y 
other cylinder, the upper 





inch of claypan was found 
to be wet after 14 hours 


of watering in the swale i i rl r 


having only 8 inches of _ _ 160 240 
: Time in minutes 


»orous topsoil. ; sai , — 

psoil ; Fic. 20. Rate of infiltration of water into the soil in 
A study of data given 3 types of vegetation at Carleton, Nebraska; blue grama 

(Bg), big bluestem (Af), and wheat grass (Ag). 








in Table 17 shows that in 
the wheat-grass swale the soil moisture was not depleted to such an extent 
as in well-drained soil occupied by big bluestem. 

No moisture above the hygroscopic coefficient remained to a depth of 4 
feet in the bluestem in August of both years. In the wheat grass it was 
exhausted in the upper 3 feet in 1936, but was present in small amounts at 


TABLE 17. PERCENTAGE OF AVAILABLE Soi. MoIsTtTURE IN Two TYPES OF VEGETATION 
NEAR CARLETON, NEBRASKA 














We t-Dratinep Bic BLUEFsTEM Wueat-Grass SWALE 
1936 1937 | 1936 | 1937 

Depth | Hygroscopic) ———————|—— . —_——}Hygroscopic ee Seen 

in ca coefficient Aug. 3 June 8 Aug. 11 | coefficient | Aug. 3 June 8 | Aug. 11 
1S oe 9.3 —3.3 20.0 —0.8 10.5 —3.7 12.0 1.8 
.— oo 13.3 —1.6 7.3 —1.1 14.6 —0.3 | —3.3 2.7 
ae 15.7 —0.9 8.0 —0.9 15.4 —0.3 | 3.9 1.6 
2-3 . 12.9 0.0 : Hf —0.5 13:2 0.0 3.8 1.8 
34... 11.8 0.0 0.2 0.3 11.6 0.7 2.2 2.8 
4-5 .. 12.0 0.9 fs 0.3 ia ice 3.8 
5-6 12.4 1.0 | bs 0.4 L232 2.6 a2 
9-7 12.0 2.0 1.0 12.2 2.9 7.6 
7-8 11.6 4.0 i? 11.4 5.7 7.4 
8-9 .. 11.0 4.3 ; 11.9 5.8 

9-10... |e 4.7 11.6 6.4 
10-11 10.9 5.8 10.9 8.3 
ng-12..... 9.9 6.6 8.3 7.9 
12-13 9:5 6.4 16.3 6.2 
13-14 » Nhe 5.3 152 6.4 
14-15. 10.7 5.3 pi és 14.0 5.9 | 
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most depths in 1937. Moisture content was less than the wilting coefficient 


of Briggs and Shantz (1912) to depths of 10 and 7 feet in big bluestem and 
in the wheat-grass swale, respectively, and at 10 to 15 feet the ratios were 


? Jeep-r . 
Monthly rainfall in inches 1.02 to 1.1. Deep rooted 
nT 2 3 4 forbs were absent In the 





' 7 T 


swale. At greater depths 
water was more plentiful 
during 1937 in the swale 
but less so in higher land. 
The higher hygroscopic 
coefficients at depths of 
12 to 24 inches are cor- 
related with the presence 
of the claypan, slow in- 
filtration rate, rather dry 
subsoil, and high mor- 
tality among deep-rooted 
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1937 1936 1935 1934 1933 tact. The soil is Hast- 
Fig, 21. Hythergraph of mean monthly temperature jngs silt loam. It is 


and rainfall for 1936 (light line) and for a 35-year period 
(heavy line) at Clay Center, Nebraska. The numbers 
1 to 12 represent months. Broken line shows cumulative water and roots and has 
precipitation deficit from January, 1933, to August, 1937. 


readily penetrable — by 


the lime layer at a depth 
of over 4 feet. This type of soil is considered excellent for corn and is al- 
most entirely under cultivation in Clay County. 

Prior to the drought, the dominant vegetation was a mixture of little 
bluestem of the bunch type and big bluestem. The former composed as much 
as 95 percent, and the latter frequently 20 percent of the vegetation. June 
grass, buffalo grass, and blue grama were fairly abundant while sand drop- 
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seed (Sporobolus cryptandrus), six-weeks fescue, and wheat grass were pres- 
ent in small amounts. [Lead plant was the most conspicuous forb. 

The extent of drought injury to this prairie in 1934 and the damage by 
drought and dust in 1935 have been described by Weaver and Albertson 
(1936). 

Clay Center received a total rainfall of 10.3 inches (40 percent of normal) 
in 1936. This was 3 inches less than in 1934, the driest previous year (Fig. 
21). The mean summer temperature, which was 8.2° F. above normal in 
1934, was 6.37° F. above the mean during 1936. The maximum temperature, 
113° I*., was the same each year. Two drought periods occurred in 1936. 
The first, of 24 days duration, began June 5 and was broken by a rain of 
0.56 inch. It was immediately followed by a second of 37 days with only 
two measurable showers totaling 0.19 inch. 





Fic. 22. Year-old bunches of Bouteloua gracilis attached 
by vertical rhizomes to the parent crowns which had been 
covered by 2 inches of dust in the early spring of 1935. 
Roots of the new crowns have been removed. 


So weedy was this area in early July that only the presence of such deep- 
rooted forbs as Amorpha, Liatris, and Solidago proclaimed to the casual ob- 
server that it was unbroken prairie. Agropyron was the most abundant 
grass. It formed nearly pure stands on the higher ground where the dust 
deposited the previous year was 1 to 2 inches deep. The only other perennial 
grass to survive this burial was blue grama, which was able to develop 
rhizomes vertically and form new crowns on the surface (Fig. 22). Big 
bluestem was abundant but little bluestem and buffalo grass were scarce, 
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being outranked by June grass, side-oats grama, blue grama, Kentucky blue- 
grass, and sedges. The small panic grasses, especially Panicum wilcoxianum, 
were scattered everywhere. Many weedy types were scattered throughout. 
Bromus tectorum formed dense patches on lower ground, as did Plantago 
up the slope. Dense mats of seedlings of foxtail (Setaria spp.), red-root 
(Amaranthus retroflexus), and barnyard-grass (Echinochloa crusgalli), 2 to 
3 inches tall and almost entirely dead, made up one third to one half of the 
cover. Abundance of other forbs was as follows in 1936 and 1937, re- 
spectively: Achillea, 5-0; Amorpha, 3-3; Aster, 1-3; Callirrhoe, 3-3; 
Hedeoma, 5-3; skeleton weed (Lygodesmia juncea), 3-4; Meriolix serrulata, 
4-4; Solidago glaberrima, 1-3; and S. mollis, 3-3. 

Eleven widely separated permanent meter quadrats were selected, one in 
each of several vegetation types. They included 51 of the 66 species ob- 
served here. A census was taken in the quadrats during the second week in 
July of each year. Table 18 shows that in these plots the perennial grasses 
reacted to the extreme conditions of 1936 and early 1937 in a strictly indi- 
vidual manner. The boutelouas, Sporobolus asper, and Andropogon furcatus 
held their own fairly well while the stems of 4. scoparius were 65 percent 
fewer at the second counting. Losses of June grass, interstitial panic grasses, 
and Kentucky bluegrass were more than 80 percent, but this was partly offset 


TABLE 18. VARIATION IN ABUNDANCE OF MOst IMPORTANT SPECIES, TOTAL NUMBER OF 
PLots Occupiep BotH YEARS, AND NUMBER INVADED OR VACATED BY SPECIES 
IN 1937, at CLAy CENTER, NEBRASKA 














NuMBER OF STEMS | NuMBER OF PLots 
Species | Chaar aaa | Percentage ar a5 
1936 1937 | of change | Total Invaded | Vacated 
GrassEs | | | | | | 
Agropyron smithii............| 1,448 | 1,668 | + 14.8 | 6 | 0 0 
Andropogon furcatus.......... | 525. | 506 — 36 | 10 | 0 l 
Andropogon scoparius......... 494 173 — 64.9 | 4 0 | 0 
Bouteloua curtipendula........| 340 | 344 | + 1.2 «| 10 0 0 
Bouteloua gracilis............ 2.39" 2.11% | — 0.5 | 7 0 | 1 
EEE ee ee 588 675 | + 14.8 9 | 0 2 
Rioeleria Cristea... oc cceecc ss 282 | 32 | — 88.7 6 | 0 3 
Panicum scribnerianum....... 226 | 44 — 80.5 5 | 0 2 
Panicum wilcoxianum......... 514 37 | —92.8 | 8 0 3 
oe er | 498} 95 | — 80.9 | 7 0 5 
Schedonnardus paniculatus..... 107 | 406 +279.4 2 0 | l 
Sporobolus asper..........045 45 45 0 3 2 | 0 
Sporobolus cryptandrus........ 113 142 t+ 25.7 7 0 4 
Non-GrassEs 
Amorpha canescens. .......4.. 26 14 | — 46.1 5 0 1 
Artemisia gnaphalodes......... 315 448 | + 42.2 8 0 2 
Aster multiflorus... 2.6.6.0... 237 262 | + 10.5 5 l | 0 
Callirrhoe alceoides.......... 52 4 =6| 6+ 42.3 5 l | 2 
Lepidium virginicum.......... 8 155 | +1,837.5 10 8 0 
ee 4 221 +5,425.0 ll 8 0 
Solidago glaberrima........... 434 307 29.3 7 0 | l 





*Estimated cover in percent. 
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by gains of Texas crabgrass (Schedonnardus paniculatus), sand dropseed, 
wheat grass and sedges. 

Perennial grasses as a group decreased in density 15 percent while annual 
grasses increased 10 percent (Table 19). 


TABLE 19, TRENDS OF CHANGE IN FLORISTIC COMPOSITION IN PERMANENT 
PLots At CLAy CENTER, NEBRASKA 








NuMBER OF STEMS | 








Number of - Percentage | Number of 
species 1936 1937 | of change | plots 
Grasses......... = 21 7,200 6,220 | —13.6 11 
Annual . : ; 7 443 487 + 9.9 7 
Perennial...... ibis ; 14 6,757 5,133 ;} —I5.2 | 11 
Forbs ey eee : 20 1,196 1,178 } —1.5 11 
Annual........ 5 13 17 +30.8 8 
Te 15 1,183 1,161 — 1.9 | li 

| | 

Ruderals........ ican seen 15 561 937 } +67.0 | 11 
ee 54 8,518 7,852 | ne P| | il 





It may be seen in Table 18 that five of the species which dropped out of a 
greater number of plots than they invaded were species that made definite 
gains in abundance. The data show that there was a strong tendency among 
these species for larger plants and denser stands to increase while small 
plants and sparse stands died. That the development of above-ground parts 
of a species is proportional to that of roots is well known, and considerable 
data indicate that deep roots and drought resistance are closely related in 
prairie plants. 

Perennial forbs were also inconsistent, Artemisia gaining 42 percent and 
Missouri goldenrod losing 29 percent. For the group, gains nearly made 
up the losses. Annual forbs increased one third and weeds two thirds with 
percentage increases of Salsola and Lepidium in the thousands. In several 
plots in 1936, the hundreds of dry weed seedlings less than 3 inches tall 
were not counted but their percentage cover merely noted. In 1937 these 
areas were bare but overshadowed by fewer, larger plants of Salsola and 
other weeds (Fig. 23). 

The unusually large number of species per quadrat (14.4) in 1936 was 
only one less the following year. Annual and perennial grasses and perennial 
forbs decreased while weeds and annual forbs increased in number of species 
per plot. 

Of the 1,100 square decimeter units in the quadrats, 59 were bare in 1936 
and 136 in 1937. However, only 16 were bare both years. The large scale 
depopulation accompanied the disappearance of 26 species from the unit areas. 
Chief among these were the weeds, red-root, stink-grass (Eragrostis major), 
and foxtail, the grasses, Poa, Panicum wilcoxianum, and Koeleria, and the 
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forb, Solidago glaberrima. Salsola, Bromus tectorum, Artemisia, Lepidium, 
and Agropyron were the foremost of the 19 species of invaders. 

Certain changes, though not shown by the plots, were obvious. The lush 
vegetation of June, having used the surface moisture, was very dry on July 
10 (Table 20). The early annual weeds, unusually large because of reduced 
competition, were no longer making demands on the habitat, but were break- 
ing the force of the hot winds and casting slight shade over the withering 
grasses. Wheat grass had spread over most of the area, and the large, well- 
developed bunches of the grama grasses were quite conspicuous. Downy 
brome appeared to dominate the lower side of the prairie. 





Fic. 23. Clay Center prairie in July, 1937. Artemisia gna- 
bhalodes (white) with a height of 14 inches was overtopped 
only by wheat grass. It was the most conspicuous plant on the 
prairie. 


Rates of infiltration in 4 types of vegetation were compared on August 
17. Soil moisture had been slightly replenished since July 10 by eight showers 
totaling 3.8 inches (Table 20). 


TABLE 20. PERCENTAGE OF AVAILABLE Sot MoIstuRE DuRING THE SUMMER OF 1937 
AT CLAY CENTER, NEBRASKA 


Depth Hygroscopic 

in feet coefficient June 7 July 10 August 17 
0-1 8.4 18.1 -().9 ya 
1-2 9.5 5.4 0.0 1.2 
2-3 10.5 1.7 0.9 1.2 


In the lead plant, side-oats grama, and blue grama types, the 4 inches of 
water penetrated very rapidly and with no marked difference in rate accord- 
ing to type. Neither was there any relation between the number of stems 
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enclosed by a cylinder and the rate of infiltration. Among the three types, 
the greatest variation between the fastest and slowest rate per cylinder was 
from 10 to 24.5 minutes, the average time being 14.7. The four cylinders, 


pressed into the ground , Ac_Be Bg 
4, 





through two inches of 
dust, which had not been 
disturbed since its depo- 
sition in March, 1935, 
required an average time 
of 28 minutes for 4 
inches of water to pen- 
etrate, and ranged from 
21 to 35 minutes (Fig. 
24). Thus, soil bearing 
either grasses or forbs 


Inches of water 
ie) 


absorbed twice as rap- 
idly as bare, consolidated 
dust. 

The composite of 











random soil samples 
i A. i 


i 
taken to a depth of 2 5 10 15 20 25 
Time in minutes 


inches and kept wate : ae ; : — 
" and cpt watered Fic. 24. Rate of infiltration of water into the soil in 
in the greenhouse for 5 4 types of vegetation at Clay Center, Nebraska; lead 
months yielded more than plant (Ac), side-oats grama (Bc), blue grama (Bg), 
: and a deposit of dust 2 inches deep (D). 

300 plants of 21 species. 

Perennials constituted 29 percent of the species but only 3 percent of the 
seedlings. Six-weeks fescue was the most abundant species, with downy 





brome next in rank. 


NELSON PRAIRIE 


This is an upland prairie of 20 acres 5.5 miles northeast of Nelson, 
Nebraska. It slopes gently eastward to drop abruptly near its edge into 
ravines which together include not more than one tenth of the area. 

The soil of the upland is Crete silt loam, as at Carleton. 

In 1931, the dominant vegetation was Andropogon scoparius with a good 
mixture of A. furcatus. Alternes of Bouteloua gracilis occurred and in them 
there was an abundance of Plantago, Hedeoma, and Festuca. Bromus tec- 
torum was an invader. Although the prairie was very grassy, both grasses 
and forbs were of small stature and the latter were less abundant than farther 
eastward. 

In 1935 only remnants of little bluestem were found, and big bluestem 
was greatly depleted by drought and wind-deposited soil. Side-oats grama 
and blue grama also were injured, while wheat grass had invaded. Festuca 
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occurred in as many as 212 bunches per square meter on the upper, dust- 
covered half of the slope where it was codominant with downy brome. Where 
this deposit approached an inch in depth, smali, thriving alternes of wheat 
grass were present. The usual interstitial plants were rare and more than 
two thirds of the ground was bare. 





Fic. 25. Big bluestem buried by silt in 1936 at the Nelson prairie. 


The vegetation of this prairie, when examined on July 4, 1936, appeared 
to be in a critical condition. Two days previously a local cloudburst accom- 
panied by much hail and violent wind had laid the already dwarfed vegetation 
still lower and covered much of the grass with eroded topsoil and debris. 
The absence of leaves on all but the protected south sides of plants, and 
the bruised stems of such forbs as Liatris, Kuhnia, and Amorpha bore wit- 
ness of the direction and severity of the storm. Such mature and brittle 
plants as Festuca and [rigeron were pelted into the ground, which was packed 
very hard, or washed down the slope to lodge in small dams against living 
clumps or stems. Numerous, widely branching cracks were everywhere on 
the upland, where they must have received considerable runoff from inter- 
vening areas as well as from the field above the prairie. In a swale at the 
north end, some of the best big bluestem on the prairie was buried under 
4 to 6 inches of alluvium (Figs. 25 and 26). 

In early August the vegetation was drought stricken. The cumulative 
rainfall deficiency had nearly doubled since 1934. The average mean tem- 
perature for the 3 summer months was 6.7° F. above normal, 2.2 degrees 
less than for 1934 (Fig. 27). 

Nevertheless, an impressive change of aspect had been wrought in the 
vegetation since July 4. Viewed from the sky the prairie would have appeared 
as a network of green spread over a gray-brown field. The soil cracks had 
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not closed but presented a border of 8 to 12 inches on each side consisting of 
a lush growth of big and little bluestems and side-oats grama. Leaves and 
racemes of the last were 8 and 20 inches tall, respectively. Away from the 
cracks, much big bluestem had made no growth during July while the rest 
had grown slightly at the base. Little bluestem, however, had put out many 
new stems and was much more conspicuous than a month earlier. No eff- 
cient rain had fallen since the cloudburst, and no moisture above the hygro- 
scopic coefficient was present, except near the cracks, at least to a depth of 


3 feet (Table 22). 





Fic. 26. The same area dominated by downy brome in 1937. 


Big bluestem and six-weeks fescue were the most abundant grasses, with 
little bluestem and side-oats grama next in rank. Wheat grass was common, 
but only one percent had spikes. Only one clump of hairy grama (Bouteloua 
hirsuta) was found. Sand dropseed was more abundant on a ridge in the 
center of the prairie than elsewhere. Here it was mixed with wheat grass, 
plantain, peppergrass, and blue grama, the total basal cover scarcely exceed- 


TABLE 21. RELATIVE IMPORTANCE OF THE CHIEF ForBs AT NELSON, NEBRASKA, EXPRESSED 
IN ABUNDANCE CLASSES. CLASS VALUES AS IN TABLE 7 


Species 1931 1936 1937 
EOL ELIE PTET ee eee rere 3 3 3 
a ak ava e Webb tsb nema seus’ 1 0 0 
ee. Se pale Oye oes ER EER 1 3 4 
ag Sv cha dae koe aA Dake RRA Rees 3 3 4 
clad sy hececs Awe eee sl bas doe babs bee 3 4 3 
ee cia hohe ceil hae ae wake ences babes 3 4 a 
EER SOP POE TT OTT Te TERT ETS TS Te eT 2 Q 0 
EEE EDO RECTOR TEER E PET OTT 0 3 2 
ee cae awkid Veen then s tees Sok Sh BOO ESE. ] 3 4 
ERS ene rere) ree eee oe 3 2 3 
5s ha ap a6 aba he Ua eves tvs eee 3 5 0 
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ing one percent. During the first night on the prairie .5 inch of rain fell 


slowly and by morning near the cracks the inflorescences of big bluestem, 


which were not visible in the evening, had unfolded at a height of 28 inches. 


Relative abundance of the important forbs is shown in Table 21. It 


was obvious that deep-rooted perennials had not been able to maintain their 
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Fic. 27. Cumulative precipitation deficit from January 
1, 1933 to August 31, 1937 (line) and average mean 
monthly departure above normal temperature for June, 
July, and August (bars) at Nelson, Nebraska. Temper- 
ature data are based on records from three nearest 
Weather Bureau stations. 


former density after the 
drought of 1936. 

Selection of 8 per- 
manent plots with a total 
area of 16 square meters 
was made in 6 different 
types of vegetation on 
the upland, and a census 
was taken during the 
second week of August 
sach year. 

In early June, 1937, 
the higher one fourth of 
the prairie was found to 
be buried under eroded 
topsoil from the — field 
above to a depth of 2 
inches. Only the stiffer 
forbs, wheat grass and a 
scattering of big  blue- 
stem were able to emerge 
through this deposit. It 
was largely populated by 
the annual foxtail, pig- 
weeds, Russian thistle, 
and downy brome. The 
cracks, though still open, 
seemed to be of small 
benefit to the vegetation, 
as it was equally dwarfed 
everywhere. The cracks 
evidently permitted rapid 
evaporation as well as 
rapid entry of water. 
The topsoil was moist 
but the second foot was 
extremely dry . (Table 


22). 
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Precipitation for all but three months since the previous visit had been 
below normal and the winter had been especially dry and cold. The approxi- 
mately normal precipitation of 6.3 inches during June and July, however, 
was sufficient to increase soil moisture slightly below the first foot, and to 
improve the condition of the vegetation somewhat. By the middle of August 
the grasses along the cracks were again flourishing although dwarfed else- 
where. This formed a pattern visible a quarter of a mile away (Fig. 28). 


TABLE 22. PERCENTAGE OF AVAILABLE SoIL MOISTURE ON THE UPLAND 
AT NELSON, NEBRASKA 


Depth Hygroscopic August 6 June 7 August 16 

in feet coefficient 1936 1937 1937 
0-1 9.8 -1.7 5.3 1.3 
1-2 12.4 -0.6 0.6 2.8 
2-3 12.1 -0.7 0.7 2.0 


Side-oats grama and sand dropseed were abundant and conspicuous among 
the generally distributed but dead Festuca, Bromus, and Plantago. Wheat 
grass was not fruiting. Indeed its presence was revealed only by careful 
search. Many of its stiff, dry spears 4 to 5 inches tall were dead and decayed 
at the soil surface. Several new clumps of hairy grama were found and the 
one old clump previously noticed had 42 percent more stems. The character 
of the cover on the lower half of the prairie is well represented in Figure 29. 
The plot census data confirmed, in the main, the general observations 


(Table 23). 





Fic. 28. Lush growth of grass along cracks at Nelson, Nebraska, August, 1937. 
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Although already decimated by the drought of 1934, big and little blue- 
stems, in 6 and 4 plots, respectively, were again reduced. The same was true 
of June grass, bluegrass, and the small panic grasses, but the losses were still 
greater. Wheat grass, usually on the increase, had all but disappeared while 
the three grama grasses showed gains ranging from 26 to 87 percent. Sand 
dropseed was 3 times as abundant. Among the deep-rooted perennials only 
Amorpha held its own while Kuhnia and Liatris were much less numerous 
in the permanent plots in 1937. Artemisia and Aster had disappeared. 





Fic. 29. Open cover typical of the lower half of the Nelson prairie in 1937. 


Of the five groups compared in Table 24, four lost and one (annual 
grasses) made only a slight gain. The loss of perennial grasses, although 
smaller in percentage than that of forbs, signifies a much greater lowering 
of the total density. 

Annuals of all kinds appeared to be as generally distributed in 1937 as 
in the preceding year. The number of species of weeds per plot was larger 
the second year, but perennial forbs lost nearly one and perennial grasses 
more than two species per plot. The average total number of species per 
plot, however, remained nearly constant (Table 24). 

The number of bare square decimeter units had increased 56. percent. 








- mies vents Ecological Monographs 
476 J. H. Ropertson Vol ONe 4 


TABLE 23. VARIATION IN ABUNDANCE OF Most IMPORTANT SPECIES, TOTAL NUMBER OF 
PLots Occuptep BotH YEARS, AND NUMBER INVADED OR VACATED BY SPECIES 
IN 1937, at NELSON, NEBRASKA 
























































NuMBER OF STEMS NuMBER OF PLots 
Species a | Percentage | 
1936 1937 | ofchange | Total Invaded | Vacated 
GRASSES | 
Agropyron smithit. , 550 108 — 8.4 | 3 } 0 0 
Andropogon furcatus.......... 700 409 | — 41.6 | 6 | U l 
Andropogon scoparius......... 568 147 — 74.1 | 4 0 l 
Bouteloua curtipendula........ 1,133 2,123 | + 87.4 | 6 0 0 
Bouteloua gracilis...... oe 459 579 + 26.1 | 2 0 0 
Bromus tectorum............. 116 | 47 | — 59.5 3 0 1 
Se ee 195 | 187 | — 4.1 6 0 2 
Festuca octoflora.............. (309)* | (410)* | + 32.7 6 0 0 
Koeleria cristata............. 227 | 13 | — 94.3 5 1 | 3 
Panicum scribnerianum and | 
P. wilcoxianum..........| 24 3 — 87.5 3 0 2 
Fae PVMRGIE on. <> Paoeal 136 0 | —100.0 5 0 5 
Schedonnardus paniculatus.....| 128 | 65 | — 49.2 2 0 1 
Sporobolus cryptandrus........| = «6| 83 | +232.0 4 1 0 
| 
Non-Grasses 
Amorpha canescens....... — 187 | is 6| — 1.6 2 0 0 
Aster multiflorus............. | 36 | 0 | —100.0 2 0 2 | 
Evigeron ramosus............. 106 l — 99.1 3 0 2 
Plantage gurtht:... ... 2.06655. (133)* | (113)* — 15.0 4 0 0 
ee | 0 23 + 3 3 0 
*Number of square decimeter units in which species occurred. 
TABLE 24. TRENDS OF CHANGE IN FLORISTIC COMPOSITION IN PERMANENT 
PLots AT NELSON, NEBRASKA 
Nl | } 
| NuMBER OF STEMS | Species Per Piotr 
Number ‘Sacre tre 2a | Percentage Number 
of species | 1936 1937 | of change | of plots | Average Percentage 
| | | of change 
1936 1937 
Grasses........ B .4- ee no ae ae — 25.4 
Annual.......| 4 (427)* (457)* +7.0 | 6 1.5 + 10.7 
Perennial... .| 14 | 4,233 3,793 | —10.4 | 7 7.7 ~—» 8.6 
Forbs.... A ll 388 244 —37.1 7 2.8 —23.3 
Annual.......| 3 133 59 —55.6 | 6 
1 (133)* (113)* —15.0 | 4 | 7 | + 9.6 
Perennial... . . | 7 255 185 —27.5 | 5 | 12 | —71.8 
Ruderals. . . 5 (118)* (47)* —0.2 | 6 | 67 | +173.1 
a) -s | we ee ee ee ro 
| | | 








*Number of square decimeter units in which species occurred. 


This depletion in cover was caused largely by the death of Festuca, Erigeron, 
Bouteloua curtipendula, and Andropogon furcatus. Festuca, B. curtipendula, 
and Hedeoma were the chief invaders of the units bare in 1936. 

The infiltration rate of water into soil bearing three types of vegetation 
was measured (Fig. 30). The cylinders were placed so as to enclose bunches 
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/ little bluestem a few feet 
Vv distant; also in the allu- 
"A vium covered by downy 

3 / brome which is shown in 
yy Figure 29. Soil in the 
fa little 
# sorbed the first 2 inches 


bluestem type ab- 


more rapidly and the last 
2 more slowly than did 
/ the sand dropseed_ type. 
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sorption of 4 inches of 
water. In the alluvium 
average time for 4 inches 


Time in minutes é oT 
. is 7 a was 104 minutes. The 
Fic. 30. Rate of infiltration of water into the soil in : E : 
3 types of vegetation at Nelson, Nebraska; sand drop- first inch of water dis- 
seed (Sc), little bluestem (As), and downy brome appeared in 5.7 ‘minutes 
(Bt) on an alluvial deposit one year old, 
but the rate 


In no instance was there 
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gradually 
lessened, the fourth inch requiring 59 minutes. 
any correlation between the amount of visible vegetation enclosed by the 
cylinders and the rate of infiltration. 


MONTROSE PRAIRIE 


Four miles southeast of Montrose, Kansas, there is a rectangular upland 
prairie of about 20 acres undisturbed except by frequent burning. On the 
east it is bordered by a newly-fenced 30-acre pasture which in 1931 was part 
of this ungrazed prairie. Other contacts are with cultivated fields. The 
relatively level north end is separated from the long, north-sloping southern 
part by a shallow ravine which drains across it eastward from the plowed 
field. The soil in the ravine is Lincoln silt loam, colluvial phase; that of the 
slopes is Colby silty clay loam, which comprises 95 percent of the prairie. 
The 6-inch layer of eroded topsoil is a dark, pervious mantle of silt loam 
underlain by a subsoil consisting of about 20 inches of grayish to light brown, 
slightly compacted silty clay loam above unweathered loess. Bennett (1935) 
reports that on this soil type little bluestem and grama grass were over 3,000 
times as effective as clean cultivated Kafir corn in preventing erosion, and 
400 times in preventing runoff. 

In 1931 most of the area was dominated by a mixture of Andropogon 
furcatus and A. scoparius, the former (mixed with Sorghastrum nutans) 
having full possession of protected slopes and ravine bottom while the latter 
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increased to 80 percent of the mixture on much of the higher ground. 4. 
scoparius was present in both the sod and bunch types. Bouteloua curti- 
pendula and Koeleria were common, especially on dry slopes. A- few spears 
of Agropyron, as well as tufts of Buchloe and Bouteloua gracilis, were 
present but nowhere abundant. Sporobolus cryptandrus and S. asper were 
uncommon. 

Study of the area in July, 1936, revealed a vegetation characterized by a 
singular uniformity in height and composition. Alternes were relatively few, 
being restricted to 2 or 3 of Agropyron and Andropogon furcatus, unless 
several patches of Bouteloua gracilis and B. curtipendula only 1 to 5 square 
feet in area are included. Big bluestem was in unusually good condition 
immediately surrounding numerous small piles of hay—old haycocks and 
accidental leavings. It was still abundant over the prairie as a whole but 
was at least equaled in abundance by Agropyron. Bouteloua curtipendcula 
and B. gracilis were almost as important as Andropogon furcatus. A. sco- 
parius, Buchloe, Poa, Elymus, and Panicum virgatum were not common; 
P. scribnerianum, Sorghastrum and Schedonnardus were rare ; but Sporobolus 
cryptandrus and S. heterolepis were not seen. 

Artemisia, Allionia, Kuhnia, Rosa, Linum, Sideranthus, Vernonia, Acer- 
ates, and Lepachys appeared to be as abundant as described by Weaver 
before the drought. Amorpha (the only conspicuous forb), Aster, Solidago, 
Psoralea, and Antennaria, though still present, had decreased in abundance 
while Astragalus, Silene, Physalis, Salvia, and Liatris could no longer be 
found. On the other hand, Hedeoma had increased so that much of the 
ground fairly bristled with it. Androsace, Chenopodium, Ambrosia, Tithy- 
malus, Lepidium, Salsola, and Eragrostis major were present although not 
recorded here before the drought. Where possible, members of the above 
groups are listed in order of decreasing abundance in 1936. The increase in 
ruderals, although primarily due to drought disturbance, was greatly abetted 
by the presence of numerous weedy stack sites and by the extreme weediness 
of adjacent fields. 

One of the chief ecological features of this prairie was an area near the 
top of the hill at the south end which, in the spring of 1935, had been buried 
under a deposit of wind-blown gray dust ranging in depth from one foot 
near the fence to one-fourth inch six rods down the slope. The dust came 
from the adjacent field and had been deposited in this short distance after 
entering the prairie. A rather pure stand of wheat grass with a scattering 
of big bluestem and weeds formed a very open cover, considerable areas being 
nearly bare and quite unprotected from sheet erosion except by the inter- 
lacing rhizomes of Agropyron in the surface soil. At the shallower edge of 
the deposit, many dead crowns and rhizomes of little bluestem, side-oats 
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grama, and big bluestem lay exposed on the surface and to 1.5 inches above it, 
suggesting that, after covering them, the dust plus some of the original top- 
soil had been eroded away by water in the absence of any living protective 
cover. Dust deeper than 0.5 inch appeared to have destroyed most of the 
big bluestem, and that deeper than 1 inch, all of it. Wheat grass was fruiting 
here and in a few other scattered spots. 
About midway down the long north slope, a belt of fine big bluestem 1 to 
2 rods wide extended across the prairie from the east as if acting as a barrier 
to the invading horde of Agropyron descending the slope. Below it, Agro- 
pyron occurred in only a few scattered patches and in the ravine bottom. 
In this alterne of big 
, vocmania’ ini” ‘ bluestem, smooth sumac 
T y y (Rhus glabra), a shrub 
common to forest-prairie 





ecotones, was present in 
considerable numbers in 
spite of annual mowing. 

The condition of the 
vegetation was again noted 
a month later. During 
the interim 0.04 inch of 
rain had fallen and the 
mean temperature — had 
been nearly 9° IF. above 
normal (Fig. 31). On the 
upper slope wheat grass 
had produced heads on 
about one fourth of the 
plants and most of the leaf 
bases were green. Big 





bluestem was brittle to 
within an inch of the 
ground, having made no 


Mean monthly temperature in Fahrenheit 


additional growth. The 
leaves of blue grama were 
dry 3 inches from the tip, 
but side-oats grama was 


Degrees Fahrenheit 


still green though not in 

















flower. Artemisia was 

Fic. 31. Hythergraph of mean monthly temperature 
and rainfall for 1936 (light line) and for a 36-year 
period (heavy line) at the Montrose prairie. The num- ing; Kuhnia was. three- 
bers 1 to 12 represent months. Inset: Departure above ; 
the normal mean temperature for 3 summer months. 


drying up without flower- 
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half the leaves of Solidago mollis were dead, but Allionia linearis was flower- 
ing. Only the older plants of buffalo grass had any green leaves. 

Twelve permanent plots with a total area of 10.5 square meters were 
located in eight different types of vegetation widely distributed over the 
area. These were quadrated about July 1 during both years. The most 
readily observed change was that produced by the great extension of wheat 
grass. It had migrated down the slope and across the ravine from its previous 
position on the dust deposit, which was now cemented so firmly that a steel 
quadrat pin could be forced into it only with difficulty. All grasses were in 
a condition of reduced activity and cracks in the soil were beginning to open. 
Andropogon scoparius and Poa appeared to have been reduced, but Buchloe 
seemed more abundant. A part of the data for 20 chief species included in 
the permanent plots is given in Table 25. 

TABLE 25. VARIATION IN ABUNDANCE OF Most IMpoRTANT SpEcIES, TOTAL NUMBER OF 


Piots Occupiep BotH YEARS, AND NUMBER INVADED OR VACATED BY SPECIES 
IN 1937, aT MONTROSE, KANSAS 




















NuMBER OF STEMS NuMBER OF PLots 
Species nal a oe | Percentage | : aa wie nth PaaS 
1936 1937 | of change | Total | Invaded Vacated 
i a nse eee — 
GRASSES 
Agropyron smithit.......... 1,588 2,688 + 69.3 11 0 | 0 
Andropogon furcatus....... aa ijae 4 869 — 49,3 } 12 0 1 
Andropogon scoparius........ 211_—| 42 | — 80.1 | 3 1 0 
Bouteloua curtipendula...... 4,935 | 4,513 | — 8.6 | 10 0 0 
Bouteloua gracilis............| 0.96* | 168 | 4 67.7 6 | 0 1 
Buchloe dactyloides........... 47.57* | 59.75* | + 25.6 3 1 | 0 
| Se RR: 301 | 240 | — 20.3 e4 0 | 1 
Festuca octoflora..............| 28 | 1,446 |+5,064.3 11 | 8 0 
Koeleria cristata..............] 65 | 34 | — 47.7 2 0 l 
Panicum scribnerianum....... 197. | if | = 34 5 0 2 
Panicum virgatum........... | 30 0 —100.0 2 | 0 2 
oo ), ae 140 207 + 47.8 1 | 0 0 
Non-GRAssEs | 
Allionia nyctaginia......... | 1s | an i 6 3 | 1 1 
Amorpha canescens........... 70 | 43 | — 38.6 6 0 1 
Androsace occidentalis......... 21 345 | +1,542.9 | 7 3 | 0 
Aster multifiorus............ 133 68 | —48.9 | 8 0 1 
Erigeron ramosus.............| 36 | 58 | + 61.1 | Q | 1 0 
Hedeoma hispida............. 39 | 491 |+1,159.0 | 10 | 4 0 
Lepidium virginicum.......... | 4 122. |+2,950.0 | 7 | 4 0 








*Estimated cover in percent. 

The native mid and tall grasses all appeared to have suffered losses rang- 
ing from 100 percent among the panic grasses to 9 percent for Bouteloua 
curtipendula. Increase in abundance was shown by wheat grass, blue grama, 
and buffalo grass, all species characteristic of mixed prairie. Little bluestem 
was an exception as it had only 20 percent as many stems in 1937 as in 1936. 
Festuca, an annual grass, Lepidium, an annual weed, and Hedeoma, an annual 
forb, all increased enormously while Aster and Amorpha, deep-rooted peren- 
nial forbs, suffered marked losses. 
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The 12 plots were found to contain 56 of the 72 species listed. The 
trends of change in floristic composition are summarized in Table 26. 

Although the grasses originally producing the best hay decreased, peren- 
nial grasses as a group remained constant. because of the larger number of 
annuals, forbs as a class increased although the number of perennials was 
greatly reduced. 


TABLE 26. TRENDS OF CHANGE IN FLORISTIC COMPOSITION IN PERMANENT 
PLots AT MONTROSE, KANSAS 





| } 

| 

| NuMBER OF STEMS | 
i | 

















| Number of ia | «| Percentage | Number of 
species 1936 1937 | of change | plots 
Grasses......... Boonen: 18 | 22,074 =| 22,093 } + 01 | 12 
NN fa cccerveisionansons 3 | (49)* | (254)* | 4418.4 10 
PGRN Soir cores rewt 15 22,074 | 22,093 ; + 0.1 12 
ee viapes m4 | 377 1,068 | +183.3 12 
(LL, SSSR eee reer eee | 6 | 91 905 | +894.5 ll 
PINES os 55 pin's Kas brtine el 18 286 163 P< ae 43.0 12 
| | 
DIRE oR See ee ees 14 | 105 168 + 60.0 10 
— — a Se See snk acts Rie teins asieagsanronnadcaclielnioaeiot 
} } 
WY sicrslvachosenca | 56 | 22,556 23,329 | quigZ 12 
| | Z 











*Number of square decimeter units in which species occurred. 


At the second quadrating, the average number of species per plot had 
increased only 1.8 percent but changes shown by the different ecological 
groups were more marked. Gains ranged from 232 percent and 100 percent 
for species of annual grasses and forbs, respectively, to 25 percent for weeds. 
Perennial grasses had 18 percent and perennial forbs 37 percent fewer species 
per plot. In 1936 the numbers of species per plot were: total, 11; annual 
grasses, .25; perennial grasses, 6.3; annual forbs, 1.25; perennial forbs, 2.5 ; 
and weeds, 1.0. Certain annual grasses are weeds. 

The vegetation was about 7 percent taller than the 1936 average of 11 
inches. Grasses and forbs showed approximately the same increase in height. 

Fifty of the 1,050 square decimeter units in the plots were without vegeta- 
tion in 1936, and the following year 43 were bare, although only 11 were 
bare both years, t.e. 39 were invaded and 32 depopulated between studies. 
Agropyron was the chief invader (27 squares) followed by Festuca, Hedeoma, 
and Bouteloua curtipendula. A few bunches of the last exhibited a diseased 
condition characterized by dwarfing, chlorosis, and excessive proliferation. 
Agropyron, Bouteloua curtipendula, Amaranthus spp., and Andropogon fur- 
catus were most important of those creating bare areas by their death. 

Soil samples taken at 6 different places were found to be very uniform 
as to structure, color, compaction, and moisture content at corresponding 
depths, regardless of vegetation type. For example, samples taken at a depth 
of 12 to 24 inches on the upper slope in the big bluestem alterne, in wheat 
grass seven yards distant, and in Kentucky bluegrass near the bottom and at 
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the upper north side of the ravine contained 16.1, 16.3, 16.1 and 16.0 percents 
of water, respectively. To a depth of 4 feet on the upper slope and to three 
feet near the ravine, there was no soil moisture above the hygroscopic coeff- 
cient on August 5, 1936. This is understandable in the light of temperature 
and precipitation data shown in Figure 31. Every month of 1936, up to and 
including August, was drier than normal while the mean temperatures of the 
three summer months averaged 7.6° F. above normal. The 20.65 inches of 
moisture received during the next 11 months was 1.2 inches below normal 
and effected an increase in moisture content of only the upper 4 feet of soil, 
but this was largely exhausted in the second to fourth feet during the next 
six weeks. The available moisture in the surface foot was provided by a 
0.6-inch rain 6 days before the samples were taken (Table 27). 


TABLE 27, PERCENTAGE OF AVAILABLE SOIL MOISTURE AT CORRESPONDING 
Periops 1N 1936 ANp 1937 AT MONTROSE, KANSAS 





| Upper Sore Lower SLore 
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a |Hygroscopic| Aug. 5 | June 30 Aug. 13 Hygroscopic| Aug.5 | June 30 Aug. 13 
| coefficient | 1936 1937 1937 coefficient | 1936 1937 1937 
Se | ane —1.6 2 3.3 en eee: - eae 
2? aes 12:3 —1.0 a 0.4 10.4 —1.7 —0.6 LS 
b ees 15.5 —0.6 4.0 -0.9 14.4 —1.1 2.3 —1.2 
Pe wasnt 13.3 —0.6 2.8 —1.2 12.0 ;} —0.3 3.5 1.0 
ee ee 13.0 —1.5 0.0 —0.5 | 11.5 1.0 1.0 1.4 
See 12.0 0.2 1.0 10.4 3.0 4.2 
DD aya 5 11.1 1.6 me 2.8 11.9 a9 3.3 
| ae 10.8 on eee 12.1 3.5 
ee | 82.3 . aa er : | ta | $28 
FR oe s i. . 13.0 | 6.2 
PR...:.§ RES 4.9 | a ; 14.0 | 6.8 
ee tb ae | ™ 13.9 7.9 
oe 4.9 | 6.1 oe me 14.6 | 7.0 


Rates of infiltration of water into the soil in four types of vegetation were 
somewhat different. The first inch required periods ranging from 3.5 minutes 
in Amorpha to 9.5 minutes in Agropyron on the dust deposit 250 yards 
distant. The 4 cylinders were placed around 2, 3, 5, and 7 stems of Amorpha, 
a shrubby species having a long taproot. Time required for the 4 inches to 
enter the ground ranged from 28 minutes where 3 stems were enclosed to 
68 minutes where 2 stems were present, and averaged 53 minutes for the 
replication of four. In Buchloe, five rods distant on the same level, the rate 
for each inch was approximately the same as for Amorpha, and the range 
among cylinders was 29 to 72 minutes (Fig. 32). Except for the first inch, 
the rate in the alterne of Andropogon furcatus previously described was con- 
siderably the highest of 4 types. The average time for 4 inches was 34.2 
minutes, the range being from 20 to 52 minutes. Again no correlation could 
be shown to exist between the number of shoots included within the cylinder 
and the infiltration rate. In the wheat grass growing on a dust deposit, the 
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average rates were 9.5, 75, 
and 132 minutes for 
inches 1 to 3, respectively. 
The range was from 39 
-- | to 474 minutes for three 
inches and in this instance 
«il the larger the number of 
va plants per cylinder, the 
fr more rapidly the water 


was absorbed. 


Inches of water 


Seeds of 18° species 
were present in the com- 
posite of 20 random shal- 





low soil samples taken 
from this prairie in Au- 
gust, 1937. Of the seed- 





i. A. i rT = 
80 120 160 200 lings appearing during 5 
Time in minutes 








months in the greenhouse, 

Fic. 32. Rate of infiltration of water into the soil in 
4 types of vegetation at Montrose, Kansas; big blue- 
stem (Af), lead plant (Ac), buffalo grass (Bd), and and one sixth of the 
wheat grass (Ag). 


one seventh of the plants 


species were perennials. 
Nearly half of the seedlings were ruderals, but the most abundant species 
was an annual grass, Festuca octoflora. 


DISCUSSION 

A study of the data from the 9 prairies reveals that native perennial 
grasses and forbs suffered a further reduction in density following the 
drought of 1936 (Table 28). At some time during each summer soil mois- 
ture was non-available to a depth of 4 feet. On the upland, less than 2 per- 
cent was available to 8 feet. The zone in which the activity of roots has 
but slight effect upon soil moisture content thus appears to lie below 8 feet 
in upland prairies of this region. Weaver (1920) used the bisect method on 
upland prarie to ascertain that few grasses penetrate deeper than 5 feet, and 
few forbs deeper than 8 feet. During the drought of 1934, Nedrow (1937) 
showed that Antennaria, Poa pratensis and Panicum scribnerianum did not 
recover from wilting when watered at a depth of 32 inches, while Andro- 
pogon scoparius failed to respond when watered at 42 inches. The last lost 
75 percent of its stand in 1936. This was accompanied by smaller but 
severe losses of Koeleria, Sporobolus heterolepis, Carex spp., Andropogon 
furcatus, and Stipa. However, where rainfall was above normal in 1935 
and normal up to the time of quadrating (the Hebron prairie) in 1937, 
Andropogon scoparius increased its density by 15 percent. Thus, it is 
apparent that the fate of this species was controlled by soil moisture at the 
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TABLE 28. VARIATION IN ABUNDANCE OF Most IMPORTANT SPECIES IN PERMANENT 
PLots on ALL PRAIRIES, NUMBER OF PLOTS IN WHICH SPECIES OccurRRED (A), 
NUMBER OF PRAIRIES ON WHICH SPECIES OcCURRED (B), AND NUMBER 
OF PRAIRIES ON WHICH SPECIES SUFFERED Losses (C) 





























NuMBER OF STEMS 
Species | J | Percentage A B c 
1936 1937 | of change 
GRASSES 
Agropyron smithii........ .| 9,187 11,985 | + 30.5 63 9 l 
Andropogon furcatus....... 4 soi 7,198 — 28.2 87 9 9 
Andropogon scoparius......... 5,450 | 1,355 — 75.2 49 9 8 
Bouteloua curtipendula........| 10,140 11,014 | + 8.6 71 9 4 
Bouteloua gracilis............| 20.3* 19.0* — 6.4 40 " 8 4 
Bromus tectorum............. } 768 3,413 +344.4 32 9 | 
Buchloe dactyloides..... ee: 81.6* | 69.4* — 14.9 14 5 2 
si tas vives ss | 3,625 | 2,522 — 30.4 74 9 5 
Festuca octoflora......... | (1,248)¢ |  (2,829)t | +126.7 56 8 0 
Koeleria cristata........ sof 1,509 — 69.2 57 9 9 
Panicum scribnerianum....... 628 407 — 35.2 46 ? 6 
Panicum wilcoxianum.........| 737} 56 — 92.4 31 9 8 
Poa pratensis............ ...| 10,410 | 5,448 — 47.7 57 9 7 
Sporobolus asper......... ; | 723 1,045 + 44.5 25 8 3 
Spo-obolus cryptandrus....... | 163 283 + 73.6 16 5 1 
Sporobolus heterolepis......... 1,368 | 510 — 62.7 16 5 5 
Stipa spertea.........060.05: 886 | 648 — 26.9 18 5 3 
Non-GrRassEs 

Achillea occidentalis.......... wf 12 — 84.4 9 6 5 
Amorpha canescens........... 17 | 466 — 9.9 42 9 7 
Antennaria campestris. ....... as I 23 — 34.3 7 2 2 
Artemisia gnaphalodes......... 1,119 | 1,045 — 6.6 25 6 5 
Aster multiflorus............. 2,906 | 2,612 — 10.1 64 9 6 
Callirrhoe alceoides....... pan 58 Ci 87 + 50.0 12 7 1 
Erigeron ramosus............ 1,031 2,392 +132.0 61 9 2 
Hedeoma hispida.......... os 290 | 4,126 | +1,322.8 63 8 0 
Helianthus rigidus........ eo 76 | 46 | — 39.5 13 6 3 
Lepidium virginicum......... 231 | 3,651 +1,480.5 70 9 0 
ee) 61 | 28 — 54.1 5 4 3 
Linum sulcatem.............. 11 356 +3,136.4 23 6 0 
Lithospermum linearifolium... .| -) 43 + 38.7 17 8 2 
Plantago purshii....... ety 442 | 5,635 |+1,174.9 29 5 1 
Psoralea floribunda......... | 19} 30 + 57.9 11 3 l 
Rosa arkansana.............. | 40 | 40 0 9 4 2 
Solidago glaberrima........... 614 } 538 — 12.4 | 39 9 5 








*Estimated cover in percent. 
tNumber of square decimeter units in which species occurred. 


working depth of its roots, rather than by temperature or humidity. All 
interstitial grasses sustained general losses. Panicum wilcoxianum was nearly 
wiped out, and Poa pratensis was reduced one half, while Panicum scrib- 
nerianum and Eragrostis spectabilis were less affected. Part of the injury 
to Poa in 1937 was due to the close grazing of grasshoppers. The moisture 
deficit was so great on the eastern prairies that even the short grasses were 
unable to hold gains made in 1935 and early in 1936. Buchloe dactyloides and 
Bouteloua gracilis were reduced 15 and 6 percent, respectively. Savage and 
Jacobson (1935) observed that these grasses were considerably injured by 
drought in 1934, even when aided by artificial watering. 
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These general losses were partly offset by gains by Schedonnardus pa- 
niculatus and Sporobolus cryptandrus on the western prairies and by general 
increases of 45 and 30 percent by S. asper and Agropyron smith. The 
latter had spread widely from dense stands on hard, low ground and dust 
deposits, while Sporobolus asper was able to fruit in the absence of the cus- 
tomary late mowing. On the Nelson prairie, where stems of wheat grass 
were moldy or decayed below ground, an 80 percent loss was recorded. 
Change in Bouteloua curtipendula ranged from a 65 percent loss at Jamaica 
to a gain of 87 percent at Nelson. The result was a small net increase. The 
invasion of bared uplands by Elymus canadensis from ravines is understand- 
able in the light of its high rate of germination and rapid root penetration 
(Blake 1935). Stipa was most abundant eastward and absent south and 
west of Carleton, while Sporobolus heterolepis was present only on the 3 
prairies nearest Lincoln. 

Festuca octoflora was the most abundant and rapidly increasing native 
annual grass. Its occupancy of square decimeter units rose from 1,200 to 
2,800 and the increase in abundance was over 600 percent in plots where 
stems were counted. It was absent on only one prairie. 

Perennial forbs as a group lost 10 percent although small gains were 
recorded for a few species, for example Callirrhoe alceoides, Lithospermum 
linearifolium, and Meriolix serrulata (Table 29). 


TABLE 29, TRENDS OF CHANGE IN FLORISTIC COMPOSITION IN PERMANENT PLOTS ON ALL 
PRAIRIES, NUMBER OF PLots IN WHICH SPECIES OccuRRED (A), NUMBER OF 
PRAIRIES ON WHICH SPECIES OccurRED (B), AND NUMBER OF PRAIRIES 
ON WHICH SPECIES SUFFERED LOssEs (C) 





| | 
NuMBER OF STEMS | 
| 





| 
| 
| 
Number _ | 
| 














| Percentage A B Cc 
1936 | 1937 of change | 

GRASSES | | | | | 
P| ee, 8 1,254 4,612 | $267.8 | 67 9 0 

| | (1,521)* (2,423)* | + 59.3 | 
Perennial........ 29 | 90,088 | 69,920 | —22.4 | 98 9 | 8 

Forss | 
OS ee | 13 | 1,965 14,544 | +640.2 | 84 ae oe 
Perennial.......... | 42 | 6,376 $745 | —99 | © o | 6 
| ee | 24 1,812 7,913 | +336.7 | 86 | 9 l 
, ee | 109 =|: 100,486 99,500 | — 1.0 | 100 9 | 5 

Bare sq. dm. units..... | ee (378)* (402)* | + 6.3 9 | 








*Square decimeter units. 


By far the most abundant perennial forb, Aster multiflorus occurred in 
64 of the 100 plots and decreased 10 percent in spite of gains ranging from 
1 to 105 percent on the three eastermost prairies. Both Aster and Agro- 
pyron are able to take possession of adjacent bare areas very quickly by 
production of numerous, vigorous, interlacing rhizomes. This habit, together 
with dissemination of seeds of Agropyron from occasional original areas, 
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gave this species dominance over considerable territory. Their gains in 1937, 
however, were limited to areas where over-abundance had not been reached 
the previous year, and, in general, losses were recorded where they were 
most abundant in 1936. Thus, it appears that even species favored by 
drought are subject to control during such periods by the same factors which 
limit activities of the true dominants. 

Although Amorpha gained on two prairies, its general abundance was 
slightly reduced. The roots of this species penetrate deeply into the subsoil 
where the moisture-supplying power was low during the summer of 1936, 
as was shown by the daily folding of the leaves. Under such conditions, 
photosynthesis is retarded or stopped. That the time of grazing or mowing, 
as well as their frequency and closeness, influences mortality through its 
effect on food reserves is well known. Mortality of Amorpha with respect 
to dates of mowing (as at Carleton) suggests that ability to enter the winter 
with adequate reserves was the direct contributing factor in survival of this 
species during drought. Other species showing losses of about 10 percent 
were Lygodesmia juncea and Solidago glaberrima, while Helianthus rigidus, 
Liatris punctata, Kuhnia glutinosa, and Achillea occidentalis lost 40 to 84 
percent. Solidago was severely defoliated by grasshoppers both years. The 
small, interstitial forb, Antennaria campestris, formerly so common, de- 
creased one third on the two prairies where it occurred in plots. 

Unlike the perennials, annual forbs and ruderals were sparse in 1936 but 
formed a dense growth under the favorable conditions of topsoil moisture 
in the spring of 1937. Hedeoma and Plantago were about ten times more 
abundant, the former usually interstitial in Agropyron, while Plantago often 
appeared to take temporary dominance on dry slopes depleted of Andropogon 
scoparius and Bouteloua gracilis. In 1935, both seedlings and mature plants 
of Erigeron were present. In 1936, it was represented mostly by mature 
plants but in 1937 by seedlings. These, however, made the species 130 per- 
cent more abundant than the previous year. Silene was absent in 1936 but 
abundant on eastern prairies the following year, and seedlings of Solidago 
glaberrima were also common the second year. The clearest annuation was 
shown by Linum sulcatum, which was common in 1935, rare in 1936, and 
common to abundant in 1937. | 

Although the prairies were invaded by many ruderals such as species of 
Amaranthus, Cirsium, Chenopodium, Setaria, and Eragrostis, only two 
achieved importance. These were Lepidium, which became more abundant 
on all prairies with increases of 5- to 90-fold, and Bromus tectorum, which 
was present on all prairies and made a 3-fold gain. Tragopogon and Lactuca 
were important eastward and Salsola westward. Steiger (1930) found that 
only 4 percent of prairie species were annuals. In 1937, annuals had in- 


creased to 19 percent. 
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That topography has certain strong influences upon plant habitat is well 
known. It affects temperature, moisture and even soil structure by its influ- 
ence upon erosion, runoff, infiltration of water, drifting dust and snow, and 
upon degree and direction of exposure to the wind and sun. As a rule, 
slopes lose more runoff water than level areas, but the latter are often less 
pervious owing to the presence of claypan near the surface. North and east 
slopes may be expected to have lower evaporation rates in summer because of 
lower insolation and better protection from hot southwest winds. Conditions 
of drought thus appear most severe on southwest and least on northeast 
slopes. 

Table 30 permits a comparison of three classes of permanent plots, namely, 
20 plots on xeric south, southwest, and west slopes, 36 on less xeric north, 
northeast, and east slopes, and 27 on level ground. The density (number of 
stems per square meter) of perennial grasses on mesic slopes was higher in 
1936 and the loss in 1937 was less than elsewhere. Both lowest density and 
greatest injury to perennial grasses occurred on level ground, with only 
slightly less injury on xeric slopes. The scarcity of annual grasses on dry 
slopes in 1936 and their great increase are correlated with the differences in 
early season growing conditions. The density of annual forbs was progres- 
sively higher from moister to drier slopes in 1936, but the following year 
they were most abundant on north to east slopes and least on the level. 
Perennial forbs, which draw chiefly on subsoil moisture, showed both highest 
density and greatest losses on level ground, while on xeric slopes they made 
a gain of 10 percent. The weedy Aster multiflorus was largely responsible 
for the gain. Here, too, ruderals were least dense in 1936 and made their 
largest gains. Total densities on mesic slopes were but little higher than on 
more xeric ones, while plots on level land contained an intermediate number 
(1,130) of rooted shoots of all species per square meter. The variation in 
behavior of a species toward drought on different slopes may depend largely 
upon the stage of its development and upon its physiological condition, 1c. 
its metabolic preparedness when drought strikes. This, in turn, is determined 
by the suddenness of the inception of drought and the excellence of prior 
conditions for growth. A plant which, by virtue of its “favored” position 
on a north slope, is able to produce a vigorous shoot with minimum develop- 
ment of root hairs and root branches may be unable to adjust itself quickly 
enough to sudden onset of drought. 

Owing to the presence of more available moisture in 1937, the vegetation 
of all prairies was much taller than the preceding year. The total density 
of the cover was reduced on the eastern and western prairies but increased 
on the ones in the southern and central parts of the area where there was 
more precipitation. An increase in number of bare units per plot was gen- 
erally accompanied by a decrease in number of species and in total density. 
The principal invaders of bare areas, in order of decreasing importance, were 
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Festuca, Hedeoma, Lepidium, Bouteloua curtipendula, and Agropyron. Sim- 
ilarly, the species whose death caused bare areas were Poa, Andropogon 
furcatus, Erigeron, Bouteloua curtipendula, and Andropogon scoparius. 
Bouteloua curtipendula thus appears to have been the most unstable of the 
perennial grasses. 

Investigations of soil reaction, chloride and moisture contents did not 
disclose the reasons for the sharp and prevalent alternation shown by peren- 
nial grasses. It must be kept in mind, however, that the supply of available 
soil moisture was abnormally low during this study. That such a study 
would throw light on the question of the causes of alternation if carried out 
at weekly intervals during a normal period is not unlikely. Cain (1931) 
found that contiguous forest communities could not be separated on the 
basis of reaction alone. Emmett and Ashby (1934) applied statistical methods 
to show that for Pteridium and Vaccinium there is no optimum pH within 
their pH range. This may well be true also for prairie grasses. 

The range in soil moisture content at a depth of 2 feet was greater, that 
is higher and lower, under Andropogon furcatus than under any other type, 
while near roots of Bouteloua gracilis less moisture with a narrower range 
was the rule. Soils of unlike structure and permeability were found to differ 
markedly as to their vegetative cover. 

Wheat grass was commonly the dominant on deeper deposits of dust 
and on shallow soils underlain by claypan. Particles of drifted soil some- 
times become very firmly cemented into a brick-like layer. This is probably 
due to the presence of an excess of colloidal material. Fly (1935) reports 
that both dust and drifted soil had a higher percentage of total colloids than 
was present in normal surface soil. For this reason, the rate of infiltration 
of water into the soil in wheat-grass alternes was measured in hours rather 
than in minutes as in other types of vegetation. No marked difference in 
rate of penetration by water was found between undisturbed bare soil and 
vegetated soil close at hand. Soil ramified by fine, fibrous root systems was 
neither more nor less pervious than that penetrated by large, deep taproots 
such as those of Liatris punctata, Amorpha canescens, and Rosa arkansana., 
These results are not in agreement with those of Pearse and Woolley (1936), 
who used different equipment and a procedure which involved the flowing 
of a thin sheet of water over sloping ground and brought into play the dam- 
ming action of the vegetation. However, Musgrave and Free (1936), who 
used the cylinders, found that neither alfalfa nor bluegrass increased infil- 
tration enough to account for their effectiveness in reducing runoff. Infiltra- 
tion into the loose, granular soil characteristically occupied by the sod form 
of big bluestem was consistently more rapid than into soil of the 11 other 
types tested. Dead crowns failed to absorb even the first two inches as 
quickly as big bluestem. Whether grasses, such as big bluestem and wheat 
grass, have the ability to change the structure of the soil or whether they 
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merely are better adapted to loose and hard soils, respectively, remains to be 
shown. 

Although the sod-forming grasses have been badly depleted by drought, 
little erosion by water is likely to occur on prairie slopes. That the soil is 
unusually high in decaying plant material was indicated by the abundance 
of certain saprophytic fungi, notably Simbluim sphaerocephalum. In addition, 
numerous rapidly growing annuals quickly clothe areas bared by death of 
perennials. Composite shallow soil samples taken at random from each of 5 
prairies yielded seedlings of 42 species during 5 months of care in the green- 
house. Annuals constituted 34 of the species and 92 percent of the seed- 
lings, most of which appeared the first month. Six-weeks fescue was by 
far the most abundant species. 


SUMMARY 


The drought of 1936 continued the destruction which in 1934 so greatly 
changed the composition of native vegetation of the true prairie. The sum- 
mer of 1936 was the hottest and driest ever recorded in eastern Nebraska. 

Studies were made of 100 permanent list plots, together with estimates 
of abundance of all species occurring in randomly selected temporary plots 
on nine annually mowed, but ungrazed, prairies in 1936 and 1937. 

Perennial grasses were reduced in abundance 22 percent, perennial forbs 
10 percent. Annual forbs, ruderals, and grasses were 3 to 6 times more 
abundant in 1937 than in the preceding year. Big bluestem was reduced 28 
percent in abundance and 20 in percentage occurrence. Similarly, little blue- 
stem lost 75 and 68 percent; blue grama, 6 and 9 percent; June grass, 
69 and 43 percent; and Kentucky bluegrass, 48 and 57 percent. Western 
wheat grass increased 30 percent in abundance and side-oats grama over 
8 percent. The corresponding increases in percentage occurrence were 36 
and 100 percent. The total density of the vegetation remained nearly con- 
stant in the permanent plots, since annuals replaced the perennials. 

The increase of 6 percent in number of bare square decimeter units of 
observation in permanent plots was due largely to disappearance of Poa pra- 
tensis, Bouteloua curtipendula, Andropogon furcatus, and Erigeron ramosus. 
Among the invaders of bared units, Festuca, Hedeoma, Bouteloua curti- 
pendula, and Agropyron ranked foremost. 

Greenhouse care of composite random samples of bare surface soil secured 
in August, 1937, showed that seeds of 8 perennial and 34 annual species 
were present. Annual plants constituted 92 percent of the population. 

There was an increase of 5 percent in the number of species per plot 
(13.1) in spite of consistent losses of perennial grass species. Perennial 
forbs were inconsistent but annual grasses, annual forbs, and ruderals, almost 
without exception, made gains. 
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The general height of the vegetation was greater in 1937 in response to 
a supply of moisture which was more nearly normal than in 1936. No 
dwarfing occurred which could be attributed to drought injury received the 
preceding year. 

Slope exposure had a marked influence on behavior toward drought. 
Perennial grasses were more dense and suffered a lower loss on mesic slopes 
than on xeric slopes or on level ground. Long-lived forbs were most dense 
and most injured on the level but they gained 10 percent on xeric slopes. 
Other factors than slope exposure which modified the effects of drought were 
deposition of drifting soil and alluvium, burning, hail, grasshoppers, variation 
in previous dates of mowing, and variation in permeability of the soil to 
water. 

The widest range in soil moisture content was found in big bluestem, 
while soil occupied by blue grama had a lower average content and a narrower 
range. No consistent relationship could be found between any kind of alterne 
and the chloride content, carbonate content, or pH of the soil underlying it. 
However, the rate of infiltration of water into the soil in certain types of 
vegetation was characteristic. Steel cylinders 4 inches in diameter were 
pressed into the soil to a depth of 14 inches and 4 inches of water were 
added, one at a time, to the inch of cylinder remaining above the surface of 
the soil. Big bluestem soil absorbed most readily and the soil occupied by 
wheat grass least rapidly of the twelve types measured. Large taproots did 
not differ from fine, fibrous ones in their influence on the rate of infiltration 
when the damming action of the vegetation was barred. 
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POLLEN SPECTRUM STUDIES ON THE ANOKA SAND 
PLAIN IN MINNESOTA 


INTRODUCTION 

Pollen-analytical studies of single bogs in widely distributed localities 
undoubtedly provide valuable records of postglacial forest succession. It 
would seem, however, that conclusions as to vegetational and climatic progres- 
sion drawn from data on a single bog may be unreliable since it is impossible 
to know whether the bog investigated represents the rule or an exception. It 
appears obvious that for a given locality a study of a group of bogs should 
give more valid results. Such group studies have only recently been under- 
taken. Voss (1934) has investigated seven bogs in Lake County, Illinois ; 
and later (1937), nine on older moraine in Bureau County, Illinois. Wilson 
(1938) has compared fossil spectra of ten bogs in Douglas County, Wis- 
consin, to determine the vegetational history of that region. 

The present study was planned first of all, naturally, as a new contri- 
bution to the knowledge of forest and climatic succession during postglacial 
time in North America. The group method was adopted in order to deter- 
mine whether this is sufficiently more reliable than the single-bog plan, un- 
avoidable in reconnaissance studies, to justify the far greater amount of 
labor involved. 

Collection of peat and marl samples from bogs on the Anoka Sand Plain, 
in east-central Minnesota, was begun in the spring of 1935, and field work 
was carried on at intervals until the autumn of 1937. The Anoka Sand 
Plain was selected because, in addition to offering a wealth of material, it is 
a distinct and homogeneous physiographic unit, whose origin and history have 
been carefully worked out (Cooper, 1935). 


HISTORICAL SUMMARY 


Many European students have attempted to work out by the method of 
pollen analysis the forest history of Europe during postglacial time. Marked 
changes in forest composition shown in the profiles have been assumed to be 
the direct result of changes in climate. The latest workers favor the climatic 
schedule of Von Post (1930), who has divided postglacial time into three 
periods, of increasing, maximum, and decreasing temperature, respectively. 

American workers, using the methods evolved by the Europeans, have 
endeavored to reconstruct the postglacial forest sequence on this continent, 
and to discover whether, and to what extent, it runs parallel to that of [urope. 
Studies in eastern North America, mainly within the glaciated region, show 
that the record in practically all bogs begins with an overwhelming percentage 
of Abies and Picea pollen. In the upper two thirds of the profiles important 
regional differences appear, which will be briefly described. 
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In southeastern Canada ( Auer, 1930), northern Wisconsin and Minnesota 
(Voss, 1934), dominance of Abies and Picea is replaced by that of Pinus, 
which is abundant throughout. There is a slight indication of deciduous 
dominance in the middle third of some profiles. In the upper layers, Abies 
and Picea again increase at the expense of Pinus. 

Profiles from central Wisconsin ( Voss, 1934), Michigan ( Potzger, 1932) 
and northern Indiana (Houdek, 1933; Lindsay, 1932) are similar except for 
a definite middle period of deciduous dominance instead of a mere suggestion. 

In Ohio (Sears, 1932), central Indiana (Houdek, 1933; Prettyman, 1937 ; 
Smith, 1937; Barnett, 1937) and northern Illinois (Voss, 1934), following 
the conifers, deciduous dominance is marked and extends to the present. 
Pine is usually abundant throughout. 

In lowa (Lane, 1931), conifers are rapidly replaced by deciduous genera 
and these in turn quickly give way to grasses. An Amaranth-Chenopod 
maximum appears at the 4-foot level but above this grasses again become 
dominant. 

As to interpretation, there is general agreement among investigators that 
the universal and rather abrupt early change from fir-spruce to pine-deciduous 
dominance was due to change in climate, in which rise of temperature was 
an important element. With regard to the upper two thirds of the profiles, 
two divergent views are held. The first asserts that marked fluctuations in 
pollen frequency of the most significant genera are direct indications of 
widespread changes in forest composition due to climatic changes. The sec- 
ond, recently put forth, maintains that the observed facts are more reasonably 
explained on the basis of local ecological processes such as succession. 

Statements supporting the first view have been made by several workers. 
In summarizing results from pollen analysis in eastern North America, Sears 
(1935b, p. 498) concludes that ‘the simple schedule of Von Post .. . is 
broad enough to allow of future refinement, and does no violence to the 
facts.’ The first period of increasing warmth is probably to be correlated 
with the rapid decline of the northern conifers and the advance of the decid- 
uous forest. Concerning the second stage, Sears states that the ‘evidence 
indicates a period of maxium warmth and probably, dryness, now past” 
(1935b, p. 497). The nature of this evidence, according to Sears, is of 
several kinds: (1) dominance of oak in the middle of the profiles from Min- 
nesota and southeastern Canada and its subsequent retreat; (2) an oak- 
hickory maximum at the 11-foot level in the combined profile of two Ohio 
bogs and (3) an Amaranth-Chenopod maximum at the 4-foot level in a bog 
in lowa. The term “xerothermic” has been applied to this theoretical period 
of maximum warmth. As evidence for the third climatic change, Sears 
points to the “general recent increase of spruce at the northern stations. 
Southward it appears in the form of general evidence of increasing meso- 























sc oleae ym 











October, 1939 POLLEN SPECTRUM STUDIES 497 


phytism—more Acer, Fagus, Liquidambar, and southern pine’ (1935b, 
p. 497). 

Fuller (1935) divides the postglacial forest succession of the Lake Mich- 
igan region into three stages, viz: (1) a period of establishment and relatively 
rapid decline of the northern conifer type, indicating an interval of increasing 
warmth; (2) a long period of dominance of deciduous forests, indicating a 
period of maximum warmth; (3) a poorly marked, rather short period of 
slight increase in the boreal types indicating a period of decreasing warmth. 

Hansen (1937) considers that this same sequence is borne out in profiles 
from his two Wisconsin bogs, one located within and the other adjacent to 
the Driftless Area. In the former, pollen of spruce and fir is predominant 
in the lowest level while in the latter the record begins with the dominance 
of pine. A very brief period during which oak is dominant appears in the 
middle portions of both spectra and is considered to be correlated with the 
period of maximum warmth. A sharp decrease in the frequency of pine and 
sedge at the 7-foot horizon in both bogs and an increase in composites and 
grasses at the same level in the Driftless Area deposit may indicate a xero- 
thermic period (1937, p. 148). Concerning the upper third of the profiles, 
Hansen says: “There seems to be no definite increase in the boreal types in 
the last period, but a slight decrease is shown in the deciduous trees since 
they reached the maximum during the second period” (1937, p. 148). 

Other workers interpret the same profiles differently or put forward new 
evidence to support the second view stated above. The interpretation which 
Voss (1934) has placed on his own profiles from Minnesota, Wisconsin, and 
Illinois is the converse of the view held by Sears and Fuller. He states: “The 
northern bogs, Coleraine and Highland in Minnesota . . . show that the type 
of vegetation has remained practically the same throughout their develop- 
ment” (1934, p. 39). Conifers have been the significant trees during the 
entire history of the bogs. He concludes, therefore, that no climatic fluc- 
tuations are indicated by the pollen diagrams of the bogs located upon drift 
of Substage IV of the Wisconsin Period (1934, p. 40). 

The recent increase of spruce in profiles from the northern stations is 
considered by Sears and Fuller to indicate a return to a cooler climate. Voss, 
however, believes that “In the Waupaca and Hayward bogs in Wisconsin . . . 
the increase of Picea near the surface may be due to the presence of the 
bog spruce (P. mariana) on the surrounding mature bogs” (1934, pp. 10-11). 
Moreover, in summarizing his work on central Wisconsin and northern I[hi- 
nois bogs, he says: “The pollen diagrams .. . indicate that conditions 
remained very uniform during the period represented by the upper two thirds 
of the diagrams” (1934, pp. 39-40). He therefore considers that no climatic 
fluctuations are proven in profiles of bogs found upon drift of Substage III 
of the Wisconsin Period. 

More recently, in profiles from nine bogs located on Tazewell drift: in 
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Illinois, Voss (1937) again finds no evidence supporting the theory of a 
xerothermic period during postglacial time. The succession of forests as 
shown by the pollen diagrams is: (1) increase and dominance of the conifers, 
(2) decline of the conifers and advance of the deciduous forest. 

Wilson (1938) has reported on ten bogs related to shorelines of glacial 
Lakes Duluth, Algonquin, and Nipissing in Douglas County, Wisconsin. The 
fossil spectra indicate that upon each area of land that was progressively 
uncovered by the waters of the glacial lakes there developed a pioneer forest 
of Picea. This was variously replaced by pine and hardwood forests in re- 
sponse to the soils of the county. Throughout the profiles, there are two 
levels in which Picea is of marked importance: first, at the bottom; and sec- 
ond, at or near the top. Although a climatic significance has been attributed 
to this type of curve by other workers, he maintains that such a curve is also 
easily explained by local succession of trees upon the bogs. The second in- 
crease in Picea fossils has been shown to be contemporaneous with the transi- 
tion of peat from limnic to subaerial (Wilson and Galloway, 1937). 


GEOLOGY 


Since the origin of the Anoka Sand Plain is closely correlated with the 
last of the ice lobes that invaded Minnesota during the glacial epoch, a review 
of the ice movements of the Wisconsin Period seems pertinent. According 
to Leverett (1932, pp. 39-55), the advance in Middle Wisconsin time was a 
movement across the state which reached a point near the present sites of 
Minneapolis and St. Paul. It has been designated, therefore, as the Minne- 
apolis Lobe of the Patrician Ice Sheet (Cooper, 1935, p. 6). The young 
red drift deposited by this ice lobe is a sandy or loamy till containing rock 
fragments of all kinds and sizes. The visible result of thtis ice invasion is 
a terminal deposit of unusual strength and continuity, the St. Croix Morainic 
System (Leverett and Sardeson, 1932, pp. 39-42). 

While the Minneapolis Lobe was still present within the state but dis- 
tinctly on the wane, two new ice lobes invaded the region. One, the Superior 
Lobe of the Labrador Ice Sheet, traversed the basin of Lake Superior and 
reached a point in Minnesota sixty miles southwest of Duluth. The other 
and larger body was due to an ice advance southeastward from the Keewatin 
center in central Canada. It covered most of southeastern Minnesota and 
spread southward as far as Des Moines, Iowa, from which city it takes its 
name (Leverett and Sardeson, 1932, p. 56). The young gray drift of Min- 
nesota and neighboring parts of the Dakotas and Iowa was deposited by this 
ice sheet. It is characterized by an abundance of limestone, fine silt and clay, 
and few boulders. 

The origin of the Anoka Sand Plain has been described by Cooper as 
follows (1938): “The history of the Anoka Sand Plain is a complex one. 
When the Minneapolis Lobe of the Patrician Ice Sheet shrank away from 
its line of maximum extension it left behind a terminal accumulation of 
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unusual strength and continuity, the St. Croix Morainic System. The main 
drainage channel taking the meltwater from the west side of the receding 
ice edge became established between the morainic belt and the ice, following 
approximately the present course of the Mississippi southward from the 
vicinity of Brainerd to St. Cloud, and thence southeastward, still parallel 
to the moraine and just within it, to the apex of the lobe. 

“Very soon—probably while stagnant remnants of Patrician ice still lin- 
gered in the vicinity—the Des Moines Lobe of the Keewatin Ice Sheet ad- 
vanced from the northwest. From Brainerd to St. Cloud the area just 
vacated by Patrician ice was barely touched by this invasion, but between 
St. Cloud and Minneapolis, a strange extrusion from the Des Moines Lobe, 
the Grantsburg Sublobe, overrode the St. Croix Moraine and spread north- 
eastward a distance of 130 kilometers. 

“The trunk stream flowing within and parallel to the moraine was of 
necessity forced out of its course and compelled to skirt the advancing edge 
of the ice. At maximum extension the Sublobe made contact with relatively 
high land in Wisconsin, completing the encirclement of an extensive lowland 
and thus causing the appearance of Glacial Lake Grantsburg. Recession or 
disintegration of the Grantsburg Sublobe brought first of all drainage of the 
lake, and then a slow return of the Mississippi to its former course.” 

The further history is given in more detail by Cooper in an earlier pub- 
lication (1935). “. . . the drainage from the west and northwest, which 
at the maximum had emptied into Lake Grantsburg, now skirted the ice edge 
as a glacial river of great size, which wore back the margin at a rapid rate. 
Often it encountered gaps in the continuity of the disintegrating ice sheet, 
and portions of its waters flowed through them, accelerating its disappear- 
ance and building up sedimentary deposits en route. With continued thin- 
ning of the ice, the waters came to flow in places over its surface, burying 
extensive masses beneath a load of sand and gravel. During the process, 
great expanses must have appeared as a chaotic maze of ice-blocks, sediment- 
laden watercourses and unstable sand flats. 

“With all this confusion there was a definite progressive shift in the 
path of the waters. The general subglacial surface was toward the south, 
and accordingly, as the northern margin receded in its irregular fashion, the 
skirting streams followed it, subject to frequent interference due to project- 
ing morainic masses. 

“The visible result of all these activities is a great outwash plain that 
covers a large part of the territory occupied by the Grantsburg Sublobe 
(Fig. 1). It is of an unusual type—not in any sense an apron derived from 
materials contributed directly by the adjoining ice, but built entirely of sedi- 
ments brought from considerable distances by a great river, flowing across 
an area only partly vacated by local ice... . It may be called the Anoka Sand 
Plain from the county in which it is most largely developed.” 
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The total area of the plain, excluding the morainic masses occurring 
within it, is about 850 square miles. It occurs principally in four counties : 
Anoka, Isanti, Sherburne and Chisago. Its outer edges extend into portions 


of Mille Lacs, Ramsey and Washington counties. 
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Fic. 1. The Anoka Sand Plain, showing its relation to adjoining physiographic 
units and location of bogs studies. (After Cooper, 1938.) 1. Cedar Creek; 2. Tam- 
arack Lake; 3. Rabbit Lake; 4. Linwood; 5. Rice Lake; 6. Grass Lake; 7. Bethel; 
8. Coon Lake; 9. Coon Creek; 10. Ham Lake; 11. Karmel; 12. Princeton; 13. Elk 


River; 14. Clear Lake. 


“The surface of the plain in various portions is practically flat, gently 
rolling, sharply rolling, or plateau-like with pits. Pits of all sizes occur, 
ranging from small shallow sags to depressions a mile or more in extent. 
Many are occupied wholly or in part by ponds or lakes. Peat deposits are 
numerous, some of them having a thickness of 15 feet and more. The pit 


bottoms, where not floored by peat, are mostly irregularly rolling” (Cooper, 


1935, p. 45). 

Detailed analysis of the materials of the sand plain shows that they are 
mainly composed of fine and very fine sands (Cooper, 1935, p. 46). While 
the ice was retreating from the area, the sand must have been saturated with 


water. Gradual lowering of the water table, brought about by downcutting 
of the Mississippi and its tributaries, made conditions favorable to invasion 
by plants. Cessation of downcutting brought stabilization of the water levels. 
The depressions still filled with water remained as lakes or ponds suitable to 
colonization by peat-forming species. Certain of the resulting bogs furnish 
the materials for the present investigation. All of those selected lie within 
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the boundaries of the sand plain itselfi—none upon the surrounding till have 
been considered. .\ll have thus had an essentially similar physiographic 
history. 


LOCATION OF BOGS 


The locations of the fourteen bogs in which pollen analyses were made 
are shown on the map (Fig. 1). 

1. Cedar Creek bog is a tamarack and white cedar bog in the center of 
which a small body of open water still remains, surrounded by a quaking mat 
about 50 yards wide. At the water’s edge there is a discontinuous zone of 
wild rice (Zisania aquatica L.) and water willow (Decodon verticillatus 
(L.) Ell.). It is about 4 miles northeast of the town of Bethel, in the north- 
east quarter of Section 27, T.34 N., R.23 W., Anoka County. 

2. Tamarack Lake occupies part of the southwest quarter of Section 4, 
T.33 N., R.22 W., Anoka County. It is an extensive and deep peat-filled lake 
with a quaking mat which will scarcely support a man’s weight. There are 
no trees on the surface and the mat consists of grasses, rushes and sedges. 

3. Rabbit Lake, in the northwest quarter of Section 5, 1.33 N., R.22 W., 
Anoka County, is a quaking tamarack bog with open water in the center. 
It appears on the soil map of the county (Smith ef al., 1918) as a small 
open lake but is now almost completely covered over by the sedge mat. 

4. Linwood bog lies in a deep ice-block pit and has a stable surface 
covered with tamarack, Sphagnum and a few ericads. It is located near the 
town of Linwood on the property of Clifford Carlisle in the northeast quarter 
of Section 8, T.33 N., R.23 W., Anoka County. 

5. Rice Lake is also shown on the soil map as an extensive lake but is 
now practically covered by a quaking mat of grasses and sedges. It is in 
3ethel Township, in the northeast quarter of Section 24, T.32 N., R.23 W., 
Anoka County. 

6. Grass Lake, about two miles southeast of Bethel, occupies most of 
the northeast quarter of Section 10, T.33 N., R.23 W., Anoka County. It 
is a shallow peat-filled lake of the bog meadow type overgrown with grasses 
and sedges. , 

7. Bethel bog is located beside Highway 65 about 1.5 miles south of 
Bethel in the northeast quarter of Section 5, T.33 N., R.23 W., Anoka County. 
It lies in a shallow ice-block pit and the peat is now completely covered with 
a luxuriant growth of leatherleaf (Chamedaphne calyculata (1..) Moench.). 

8. Coon Lake is the only spruce-tamarack bog investigated and is located 
southeast of Coon Lake in Section 36, 1.32 N., R.23 W., Anoka County. 
The principal vegetation consists of tamarack (Lariv laricina (DuRoi) 
Koch.), black spruce (Picea mariana (Mill.) BSP), Sphagnum spp., Labra- 
dor tea (Ledum groenlandicum Odcder.), and red-osier dogwood (Cornus 
stolonifera Michx.). 
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9. Coon Creek bog is situated in a deep depression and has a non-quaking 
mat on which the principal trees are tamarack, white pine (Pinos strobos 1.) 
and paper birch (Betula papyrifera Marsh.). Its location is Section 26, 
T.32 N., R.23 W., Anoka County. 

10. Ham Lake bog is mature and the important trees are the same as in 
the Coon Creek deposit. It occurs southeast of Ham Lake in Section 21, 
T.32 N., R.23 W., Anoka County. 

11. Karmel bog, so named by the writer because of its proximity to the 
town of Karmel, is a mature bog located in the southwest quarter of Section 
3, T.36 N., R.25 W., Isanti County. The principal vegetation on the mat 
consists of tamarack, white pine, large-toothed aspen (Populus grandidentata 
Michx.), quaking aspen (P. tremuloides Michx.) leatherleaf, and bog birch 
(Betula pumila 1. var. glandulifera Regel.). 

12. Princeton bog is located 6 miles northeast of the town of Princeton 
in the southeast quarter of Section 13, T.36 N., R.26 W., Mille Lacs County. 
It appears as a small oval depression surrounded by ridges of sandy outwash. 
The bog had been opened to pasture but the principal woody plants, tamarack 
and speckled alder (Alnus incana (1..) Moench.) still remained. 

13. Elk River bog is located 7.5 miles northwest of Elk River in the 
northwest quarter of Section 5, T.33 N., R.27 W., Sherburne County. The 
deposit is deep and the peat is stable, upon which the following plants were 
noted : tamarack, paper birch, elm (Ulimus americana L.), red-osier dogwood, 
raspberry (/tubus strigosus Michx.), bush honeysuckle (Diervilla Lonicera 
Mill.) a sedge (Carex comosa Boott.), speckled alder, roval fern (Osmunda 
regalis L.) and cinnamon fern (O. cinnamomea L.). 

14. Clear Lake bog is densely covered with tamarack, white pine and 
paper birch. It is a peat deposit occupying a depression in the sand _ plain, 
located 7.5 miles northeast of the town of Clear Lake in the northeast quarter 
of Section 23, T.35 N., R.29 W., Sherburne County. 


METHODS 


Erdtman (1931) has outlined a method whereby the earliest sediments 
in a bog may most likely be obtained. Preliminary drillings are made to 
determine the deepest portion of the bog, and at this point a single series of 
samples is taken at regular intervals from the surface to the bottom. This 
procedure was followed in the present study. There has been some con- 
troversy among bog pollen workers as to whether a single section gives a 
pollen spectrum typical of the entire bog. Sears (1930) has shown, from 
results of four borings in an Ohio bog, that considerable fluctuation does 
occur at corresponding levels in different parts of the same bog, but that the 
principal trends are equally clear in all sections. Recent studies of three 
bogs in each of which two drillings were made (Prettyman, 1937; Smith, 
1937; Barnett, 1937) gave pollen profiles which were essentially similar. 
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In the present investigation, therefore, it seemed advisable to make single 
drillings in a large number of bogs rather than to carry on more detailed 
studies in a single one, as was done in a previous study (Artist, 1936). Sam- 
ples of peat used for the microscopic analysis were collected at 20 centimeter 
intervals from the surface to the bottom by means of a peat sampler of the 
cylindrical type, a modification of the Swedish instrument used by Auer 
(1930). It consists essentially of a cylinder approximately 2.5 centimeters 
in diameter and 40 centimeters in length with a cutting edge which can be 
opened or closed by rotating the handle of the instrument. The peat is col- 
lected in a removable chamber which fits snugly inside the steel outer cylinder. 
Fifteen detachable one-meter rods were available, and these were marked off 
into 20 centimeter lengths for determining the depth of sampling. 

In all cases except one the peat or marl was found to rest upon sand; in 
Cedar Creek bog the bottom was not reached. As a precaution against con- 
tamination the samples were removed from the center of the core and quickly 
placed in numbered double-ended glass vials. The peat chamber was thor- 
oughly cleaned after each sample was removed. Notes were taken on the 
general physical character of the materials collected and the complete series 
of samples were brought into the laboratory and prepared for the microscopic 
analysis in their natural state of wetness. 

During the first part of the work, the procedure outlined by Wilson and 
Galloway (1937, p. 114) was followed in preparation of the peat for pollen 
counts. This method differs from the usual alkali technique in that distilled 
water only is used and the peat is allowed to stand in glycerine jelly in a 
desiccator for 24-48 hours. The amount of time consumed in removing any 
traces of water from the material to be mounted was found to be the main 
difficulty ; otherwise, the method gave good results. 

A number of other methods employed by various workers in pollen 
analysis (Sears, 1930; Voss, 1931; Potzger, 1932) were tried at some time 
during the course of the work, particularly the acetic anhydride treatment 
of Erdtman (1936) and the alcohol method of Geisler (1935). Erdtman’s 
method entails an added amount of work with results but little better than 
can be obtained by a simpler technique, and that of Geisler was found to 
work well only when the pollen content of the peat was reasonably high. 
All these methods were given a fair trial but the procedure employed through- 
out the greater part of the present investigation gave the best and most 
consistent results and required little time. 

A quantity of peat was placed in a 100 cc. beaker, a sufficient amount 
of warm water to cover it was added and the material carefully broken up 
with the finger by pressing against the sides of the vessel. About 10 ce. 
of a one percent solution of NaOH was added and the material was warmed, 
care being taken that it did not come to the boiling point at any time. If the 
peat was very coarse and fibrous, it was strained through a 1 mm. copper 
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sieve to remove most of the debris. [E-xamination of peat on test slides before 
and after straining revealed that surprisingly few of even the larger pollen 
grains were retained by the sieve. Enough safranin was added to color the 
liquid deeply, which was then centrifuged. The tip of a scalpel was used 
to remove a small amount of the material from the surface of the sediment 
in the centrifuge tube and to transfer it to a few drops of glycerine jelly 
on a cover slip which was then inverted onto a slide. Test slides were ob- 
served to determine in a general way the pollen frequency of the peat, which 
gave a rough measure of the necessary number of slides to be made. After 
cooling, the mounts were ready for counting under the ‘microscope. 

Samples of marl were treated with concentrated hydrochloric acid to 
remove calcium carbonate. After the liquid had ceased to effervesce, the 
acid was washed out with water by centrifuging. The material was stained 
with safranin, again centrifuged and mounted in the manner described above. 
Without acid treatment of marl samples, it was difficult and often impossible 
to make out the finer details of the pollen grains due to masking by the 
finely divided carbonate. 

Identification of the fossil pollen was made by comparing with prepared 
slides of present-day pollen of the same genera. Pollen grains and spores 
of herbarium specimens and living plants were treated with NaOH and 
stained with safranin to simulate peat material. The works of Wodehouse 
(1935) and Sears (1930) were also helpful in the identification. 

A Leitz binocular microscope equipped with 10x oculars, condenser and 
a graduated mechanical stage was used in making the counts and identify- 
ing the pollen. In the first part of the work, 50 pollen grains on each of 
four slides were counted for each sample, the percentage being computed 
from a total of four. As the work progressed, it was found that with peat 
in which the pollen frequency was fairly high a count of 200 on a single 
slide gave equally good percentages. Many comparisons were made of rela- 
tive percentages obtained from counts of 100 and 200, and, as Potzger (1932) 
has shown, there were no significant differences. It is noteworthy that 
counts of 50 pollen grains on each of four slides for every sample were 
practically identical. All established the same relative percentage for the 
most abundant genera, but if only one slide was counted, infrequent pollen 
grains appearing in counts of 100 were often entirely absent. Throughout 
most of the work in the present study, therefore, 100 grains were counted. 
The absolute pollen frequency, or number of pollen grains per square centi- 


meter of slide material, was also determined. 
RESULTS 
Results of microscopic analyses of peat and marl samples from fourteen 


bogs on the Anoka Sand Plain are shown in the form of tables (1 to 15) 
and diagrams (Figs. 2 to 16). Only the curves of the most significant genera 
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are included in the pollen spectra. These are: Abies, Picea, Pinus, and 
Quercus. The pollen frequency percentages of the trees and shrubs not 
shown in the diagrams and of the families Composit, Graminee, Nympha- 
cee, and of Amaranth-Chenopod genera considered together are given in 
the tables. 

SEQUENCE OF PEAT [LAYERS 


ield observation shows two types of bogs: the extensive, treeless sedge- 
grass marshes and the comparatively small and deep tamarack, white cedar 
or spruce bogs, the so-called muskegs (Soper, 1916, p. 56). l¢xamination 
of peat samples in the laboratory, however, shows that the sequence of peat 
layers is generally similar in bogs of the two types. 

A generalized profile would include two distinct types of peat: (1) limnic 
peat, a layer varying in thickness from 0.2 meter to almost 4 meters, usually 
resting upon the sand bottom; and (2) carex peat, always above the first, 
of varying thickness, in some cases making up nearly the whole section. An 
additional layer of non-shell marl underlies the limnic peat in five of the bogs 
(Figs. 5, 6, 9, 10, 12) ; in two this makes a considerable part of the section. 

There are three exceptions to such a generalized profile. In Cedar Creek 
bog (Fig. 10), Sphagnum peat, not more than twenty centimeters in depth, 
occurs over an extremely deep deposit consisting of 8 meters of non-shell 
marl, 0.8 meter of limnic peat and 2.2 meters of Carex peat. Linwood bog 
(lig. 4) has a layer of Sphagnum peat 3 meters in thickness above the usual 
sequence of limnic and Carex peat layers. The surface of Coon Lake bog 
(Fig. 3) in the area of sampling was found to be a coarse, fibrous and woody 
peat layer made up largely of branches and roots of trees and shrubs about 
0.2 meter thick. 

The peat designated as limnic consists of sedimentary organic matter de- 
posited under water. Wilson and Galloway (1937) consider as characteristic 
of this type such fossils as pollen and internal leaf trichomes of water lily, 
barbed and piain sponge spicules and diatoms. Carex peat is a general term 
for plant remains of the sedge-grass type, finely fibrous, dark brown to black, 


rarely containing the fossils noted above. 


Comparison of pollen spectra 

Comparison of the fourteen pollen spectra shows at once certain features 
common to all (Figs. 2 to 15). However, on the basis of the kind of pollen 
dominant in the lowest levels, the spectra may be divided into two main 
groups, characterized as follows: 

Group I includes ten bogs in which pollen of \bies and Picea is most 
abundant at the bottom. In five of these profiles (Figs. 2, 3, 4, 5, 6) initial 
dominance of Abies is followed by dominance of Picea, while in the remain- 
ing five (Figs. 7, 8, 9, 10, 11) Picea dominates first and is succeeded by 


Pinus, Abies being present in but minor amount. 
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Group II comprises four bogs in which, regardless of depth, no Abies 
or Picea maximum occurs in the bottom peat or marl, the earliest record 
beginning with dominance of Pinus and Quercus (Figs. 12, 13, 14, 15). 
The spectrum most typical of each group will be described in detail. Dis- 
cussion of other profiles will be limited to brief comparison with the type. 
The number following each bog refers to its location as indicated on the 


map (Fig. 1). 


Group |, PROFILES BEGINNING WITH DOMINANCE OF ABIES AND PICEA 


Coon Creek-bog (10; Table 1, Fig. 2) may be considered the type of five 
bogs which show the complete fossil succession of the region. The record 
begins with an overwhelming dominance of Abies pollen which comprises 
almost 90 percent of the total number of pollen grains counted at the lowest 
level. Picea and Pinus are present only in minor amount. It should be noted 
that Quercus pollen occurs very early in the history of the bog, first appear- 
ing at the level immediately above the bottom, The curve of Abies declines 
rapidly and Picea becomes the dominant pollen at 6.6 meters, later reaching 
a maximum of 61.5 percent at the 6.2 meter level. Picea, in turn, decreases 
rapidly and gives way to a Pinus maximum of 90 percent at 5.2 meters. 
Pollen of Abies disappears from the lower part of the diagram at 5.8 meters, 
while Picea continues, although in steadily decreasing amounts, to the 5-meter 
level. The latter occurs sporadically at higher levels, often accompanied by 
lesser amounts of Abies. 

Quercus attains its initial dominance at the 4.4-meter mark but is only 
slightly more abundant than Pinus. From this point upward, the curves of 
these genera show considerable fluctuation, crossing and re-crossing as one 
attains a maximum at the expense of the other. The relative pollen frequency 
of any one kind of pollen affects the percentages of all the others, and there- 
fore, where there is an increase in Quercus pollen, there must be a corre- 
sponding decrease in percentage of Pinus. 

Pollen of Betula, Alnus and Corylus (Table 1) 1s infrequent until the 
upper layers are reached. The birch pollen may be from the paper birch 
(Betula papyrifera Marsh.) or from the bog shrub (B. pumila L.. var. 
glandulifera Regel) both of which may have grown upon the adjacent up- 
lands in the earliest times. The increase in Betula pollen near the surface 
may be correlated with the relatively late appearance of the latter species on 
the sedge mat. Ulmus appears early in the spectrum and reaches a frequency 
as high as 12.5 percent at the 4.8-meter level. Pollen of Juglans, Tilia, and 
Acer is rare and scattered through the section. A single pollen grain of 
Carya was found at the 4.8-meter level—the only one observed throughout 
the entire investigation. Pollen of Composite, Graminez, and of Amaranth- 
Chenopod type is abundant throughout the profile in comparison with other 
angiosperms except Quercus. An increase in pollen of Nymphzeacez 
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Fic. 2. Pollen diagram of Coon Creek bog. A.P.F.: absolute pollen fre- 


quency. Profile of bog is shown by diagrammatic section at right of figure. 
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(Nymphia and Castalia) near the surface may indicate a return to an open 
water stage of the bog caused by a relatively brief wet cycle. 

Coon Lake Bog (8; Table 2, Fig. 3) is similar in its spectrum to the one 
described above. Dominance of Abies covers only at the lowest level, while 
Picea is dominant for a longer period. Both genera practically disappear from 
the diagram at the 3.8-meter level. A significant increase in the frequency 
of Ulmus to 8.5 percent appears at the same level. Pinus becomes the pre- 
dominant pollen early in the history of the bog and continues in control 
throughout except for two short periods of Quercus dominance in the upper 
layers. A sharp decrease in Pinus and Quercus at the surface is probably 
due to the great increase in pollen of Composite (Table 2). 

This bog is the only one investigated in which black spruce (Picea mariana 
BSP) occurs today, and this may account for the definite re-appearance of 
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Fic. 3. Pollen diagram of Coon Lake bog. A.P.F.: absolute pollen frequency. 
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Picea pollen near the surface. Wilson and Galloway (1937) believe that 
an increase in spruce pollen near the surface of the Forestry Bog in Northern 
Wisconsin may be correlated with the appearance of the black spruce on 
the organic soils of the bog. It must be noted, however, that in several bogs 
of the present study where today no spruce occurs, its pollen also reappears 
at the upper levels, though less definitely than in the Coon Lake bog. So 
slight an increase of Picea seems hardly sufficient evidence to justify Fuller's 
assumption, in discussing profiles from the Lake Michigan region (1935), 
that such facts indicate a return to a cooler climate. 

Linwood bog (4; Table 3, Fig. 4) also shows a profile similar to that of 
the Coon Creek deposit, Abies and Picea disappearing from the diagram very 
early in its development. The curve of Pinus quickly reaches its maximum 
of 82 percent at 5.4 meters and then rapidly declines. Quercus dominates 
from the 4.8 to the 4-meter level, but this is followed by a very marked 
fluctuation between Pinus and Quercus throughout the greater part of the 
diagram. Ulmus was sufficiently abundant in the region to record a fre- 
quency of 10 percent. at the 5-meter level. 

Karmel bog (11; Table 4, Fig. 5). The record in this spectrum begins at 
the 4-meter level since the lowest four samples of marl failed to disclose the 


TABLE 2. PERCENTAGES OF FossiL POLLEN FROM Coon LAKE BoG 
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presence of fossils. Its pollen curves are similar to those of the type. Abies 
and Picea, respectively, reach a maximum and then decline; the former is 
eliminated at 3.4 meters while Picea continues to appear here and there in 
minor amount upward. Pinus rises to dominance at 3.4 meters but quickly 
gives way to a Quercus maximum extending from the 3.2 to the 2.6-meter 
level. After a period of fluctuating dominance, Pinus again gains control at 
1.8 meters and maintains it to the surface. The sharp decrease in the fre- 
quency of both genera in the surface peat is probably due to the great increase 
in pollen of Composite, which comprises 30 percent of the total count. 
Princeton bog (12; Table 5, Fig. 6). This section is but 3.4 meters in 
depth, yet it carries a complete record of the microfossil succession. Follow- 
ing the initial dominance of Abies and Picea, respectively, a striking increase 
in Abies pollen to a frequency of 76 percent occurs at 2.8 meters. Picea 
again supersedes Abies and reaches a frequency of 35 percent, then disappears 
abruptly from the lower two-thirds of the spectrum. Initial dominance of 
Pinus occurs at the 2.6-meter level. As in the Karmel bog, an abrupt de- 
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Fic. 5. Pollen diagram of Karmel bog. A.P.F.: 
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crease in the frequency of Pinus at the surface may be due to the greater 
relative abundance of Composite pollen. 

Ham Lake bog (10; Table 6, Fig. 7) may be considered most typical of 
five bogs in which Picea is the first dominant pollen at the bottom, while 
Abies is present in but minor amount. The spectrum begins with a definite 
maximum of Picea showing a frequency of 86.5 percent. Abies, Pinus and 
Quercus each show less than 5 percent at the same level. As Picea rapidly 
declines, Pinus reaches its initial maximum at 4.6 meters, and except for 
two brief periods of Quercus dominance in the middle part of the profile 
continues in control to the surface. 

Elk River bog (13; Table 7, Fig. 8) shows a pollen spectrum very similar 
to that of the Ham Lake deposit. A high frequency of Picea pollen, 79.5 
percent, is recorded in the bottom peat, while Abies is present only in minor 
amount. This profile differs from those described above in that the curves 
of Pinus and Quercus show no fluctuation throughout the spectrum. Pinus 
continues up one side of the diagram and Quercus up the other. This is the 
reverse of the relative positions of these two genera in the Illinois bogs ( Voss, 
1934), where a long period of Quercus dominance follows the decline of 
Abies and Picea. Due to the very low pollen frequency of the peat (less 
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than 1 per square centimeter) a break occurs in the record from the 3-meter 
to the 1.8-meter level. 

Rice Lake bog (7; Table 8, Fig. 9). The section here is not as deep as the 
last but its pollen curves are in general quite similar. Picea pollen is dominant 
for an extended period in the lower levels and is superseded by Pinus, which 
remains in control throughout the remainder of the section. No Quercus 
maximum is recorded in this profile. 

Cedar Creek bog (1; Table 9, Fig. 10) shows the deepest section of peat 
and marl encountered in the present study. At a depth of 11 meters the 
sampler was still in the highly compacted non-shell marl. Repeated efforts 
to penetrate deeper resulted in damage to the instrument. The lowest sam- 
ples obtained indicate that the bottom was not far distant. The pollen curves 
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Fic. 6. Pollen diagram of Princeton bog. A.P.F.: absolute pollen frequency. 
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are similar to those of Rice Lake bog except in the case of Abies. In the 
lowest level its frequency is very low, but at 10 meters it increases to a 
maximum of 45 percent, then disappears very abruptly from the diagram. 
Samples taken at closer intervals might have disclosed the same gradual 
decline of Abies that has been noted in all the preceding spectra. It is prob- 
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Fic. 9. Pollen diagram of Rice Lake bog. A.P.F.: absolute pollen frequency. 
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Fic. 10. Pollen diagram of Cedar Creek bog. A.P.F.: absolute pollen frequency. 
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able that this Abies maximum is a second return to dominance as in the 
Princeton profile (Fig. 6) while the record of the first may be present in 
the lower sediments which were not obtained. Quercus and Pinus pollen is 
present at all levels in the spectrum but their curves remain widely separated, 
with Pinus dominant throughout. A very slight increase in Picea pollen 
appears in the upper layers although this tree is not present today in the 
immediate vicinity. Voss (1934) attributes a similar increase in spruce near 
the surface of two bogs in Wisconsin to the presence of the bog spruce 
(P. mariana) on the surrounding mature bogs. The same explanation seems 
tenable here, since P. mariana BSP has been found less than two miles away. 
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Grass Lake bog (4; Table 10, Fig. 11) is only 2 meters in depth but the 
bottom peat records dominance of Picea pollen and a very small amount of 
Abies which disappears at the next level above. Quercus and Pinus fluctuate 
in the middle part of the spectrum but the latter is the outstanding pollen in 
the upper layers. A slight decrease in the frequency of both genera in the 
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Fic. 11. Pollen diagram of Grass Lake bog. A.P.F.: absolute pollen frequency. 


surface peat is probably to be correlated with the very marked increase in 


pollen of Gramineze. 
GrouP I]. PROFILES BEGINNING WITH DOMINANCE OF PINUS AND QUERCUS 


Tamarack Lake bog (2; Table 11, Fig. 12) in Anoka County may be con- 
sidered the type spectrum of this group of four bogs. The materials of this 
deposit consist of about 5 meters of non-shell marl, 0.8 meter of limnic peat 
and above this a layer of carex peat 2 meters in thickness. This profile is 
similar to that of the Cedar Creek deposit in which a depth of 9 meters of 
marl was encountered. In the lowest level, pollen of Pinus represents more 
than 90 percent of the total grains counted, while the frequencies of Abies, 
Picea, and Quercus total less than 10 percent. Due to the fact that the pollen 
frequency of the marl dropped to less than 1 grain per square centimeter 
from the 6.2 meter to the 5 meter level, a break occurs in an otherwise con- 
tinuous record. A single Quercus maximum of 42 percent appears at 3.4 
meters and a trend toward a second is shown a little higher up at 2.8 meters. 
Throughout the remainder of the spectrum, Pinus is predominant. 

It is striking that the pollen record of so deep a deposit should begin 
with Pinus as the dominant pollen while other more shallow bogs (Figs. 5, 
6) show distinct Abies and Picea maxima. The bottom sediments were cer- 
tainly obtained in this bog since the lowest sample of marl rested upon fine 
sand. A bog in Wisconsin reported by Hansen (1937) shows a similar spec- 


trum in that the record begins with Pinus. 
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Bethel bog (7; Table 12, Fig. 13) is but 1.6 meters in depth and is the 
shallowest deposit investigated. Its pollen spectrum, however, is similar to 
that of the very deep profile just described. Pinus pollen is dominant at the 
bottom of the bog and continues in control throughout. The percentage of 
Quercus is slightly higher in the lower levels, while Abies and Picea are 
entirely absent. The meager showing of spruce pollen in the upper layers 
may be from black spruce growing on other bogs in the region. 

Rabbit Lake bog (5; Table 13, Fig. 14) is similar to the Bethel deposit 
except that an extended period of Quercus dominance appears in the lower 
portion of the spectrum. At the 1-meter level, however, Pinus gains control 


TABLE 11. PERCENTAGES OF FossiL POLLEN FROM TAMARACK LAKE BoG 
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and dominates most of the remainder. A sharp decrease in frequency of its 
pollen occurs at the surface which is probably due to the increase in pollen 
of Composite and Amaranth-Chenopod (Table 13). 

Clear Lake bog (14; Table 14, Fig. 15) is similar to Tamarack Lake. Pinus 
is the outstanding pollen in the spectrum except at the surface where it shows 
a very marked decrease to 16 percent, while the frequency of Composite 
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Fic. 13. Pollen diagram of Bethel bog. A.P.F.: absolute pollen frequency. 
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Fic. 14. Pollen diagram of Rabbit Lake bog. A.P.F.: absolute pollen frequency. 
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pollen increases to 41 percent. A break in the record occurs from the 2.4- 
to the 1.2-meter level, due to the low pollen frequency of the limnic peat. 
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Fic. 15. Pollen diagram of Clear Lake bog. A.P.F.: absolute pollen frequency. 


DISCUSSION 

Many students of pollen analysis in this country have followed the practice 
of drilling only the deepest bogs, maintaining that the earliest records may 
be obtained only in this way. Wilson believes, however (1938), that the 
smaller and shallower bogs, in all cases less than one acre in area and often 
but a few inches deep, give as complete a record as the deeper deposits. In 
his own work he has avoided sampling the deeper bogs, asserting that they 
present many complex problems in sedimentation. 

In the present study, the fourteen bogs drilled include both deep and 
shallow deposits, varying in depth from 1.6 meters to more than 11 meters. 
The depths of the complete series are shown in Table 15. 

Pollen spectra of ten of the fourteen bogs are theoretically complete in 
that they show initial dominance of Abies and Picea or of Picea alone at 
the bottom. In the other four the record begins with dominance of Pinus, 
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the above two genera being barely suggested at the bottom or not present 
there, and such a profile may be said to give an “incomplete” record. Division 
of the series into “shallow” and “deep” classes must necessarily be arbitrary 
and will not be attempted. It appears from the table, however, that three of 
the four shallowest bogs have incomplete records, while all the others are 
complete except one, which is next to the deepest. The evidence, as far as 
it goes, seems to indicate that Wilson’s trust in shallow bogs is not justified, 
and that the deeper ones are more likely to give a complete picture of post- 
glacial vegetational history. 


TABLE 15. DeEptH or BoGs AND COMPLETENESS OF PROFILE 
(C: complete; I: incomplete ) 


Bog Depth 

[21 EPS ete es Seer a on 1.6m. l 

ASME EN MIE 20 Fa) ah ceen er nndhs a iSiasS deer Gub a Bkcas atine. oak 2.0 m. Cc 
DUNNER e's aah oer atk i doch ores ae debchus! @ Wi ase ce 2.6m. I 

ee Ma IO Y Fae ieee ccc totans, Sc Gi eeaoiareidiawMuireaa nh Ga 2.6m. I 

ET ee ae a ee net ee ea ere ee 3.4 m. C 
MS I isso kes, Shane's, Sn aloystunOte G.di9) eo Saige ma 4.4m. c 
ee a oh cites eee Geka WSO 4.8 m. ‘: 
PR ea saa hod chase cls leds alnde Kod. WaSe eer 4.8 m. C 
NOOO stl al esata ie ede aleiiica Ane lardcine ka wdayeiee 5.0 m. C 
BORNE I cetera lox hialcts.6. cet lonted ca.3, axle Bib bid Geddes he Gos ee 5.2 m. C 
0 a ee A 6.0 m. c 
EU RE SO nee akecpace CA Cc. 
I oa ie hare Se nainetanss ae Sb ROE 7.8m. | 
RO CONN sy oSes oe ee AN tone Roe: Leo 11.0 m. te 


It is further indicated that the common practice of attempting to interpret 
vegetational and climatic history from a single bog profile in an area is faulty 
in that there is no assurance that the particular one studied gives a complete 
record. Dependence upon the shallow Rabbit Lake bog alone, for example, 
or the deep Tamarack Lake bog, would lead to erroneous conclusions. The 
only safe method is to investigate a group of bogs close enough together so 
that the climatic sequence must be the same for all; and this group, so far 
as possible, should be confined to a physiographic formation uniform in 
origin and age. The series selected fulfills these requirements to a satisfactory 
degree. 

Presumably the ten with 


. 


‘complete” records provide the most adequate 
vegetational history of the region, and these will therefore be first considered, 
afterward, the problem presented by the bogs with “incomplete” records will 
be discussed. 


» 


VEGETATIONAL AND CLIMATIC History As DiscLosep By THE BoGs with 
COMPLETE RECORD 

Combined evidence from the bogs of this group indicates spruce-tir forest 

as the first type leaving a record. Five of the profiles show Abies as the 

first dominant, followed by Picea; three show Picea dominating at first with 

Abies in minor quantity and decreasing. In two cases Abies reaches a maxt- 
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mum after the decline of spruce. These variations might well be due to 
differing successional changes related to local environmental differences. 
There is agreement in general here with records discovered by other workers 
as noted in the historical summary. 

Bogs of this group agree fairly well in history after the practical dis- 
appearance of Abies and Picea. Curves of pine and oak cross and recross, 
but the former dominates more or less and in some cases, decisively so. 
Valuable local confirmation is found in the study by Voss (1934) at Bald 
Eagle, near the boundary of Washington and Ramsey counties in Minnesota. 
Located upon drift of the Grantsburg Sublobe, it must be of approximately 
the same age as the bogs on the Anoka Sand plain. Its spectrum indicates 
that the postglacial plant succession has been Abies-Picea to Pinus-Quercus, 
although the record throughout most of the latter period is omitted from the 
diagram due to the low pollen frequency of the peat. There is thus agreement 
in general with other recorded bog profiles of the northern stations and there- 
fore a history different from that indicated by more southern bogs in which 
deciduous genera show a more pronounced dominance (see historical sum- 
mary ). 

In interpreting pollen profiles, the most rational view seems to be that of 
Aario (1932) who holds that the only significant indications of climatic 
change are appearance and disappearance of genera, and that relative fluctua- 
tions are not to be relied upon. 

In the history of the Anoka Sand Plain as indicated by these ten profiles, 
the only significant events are initial appearance of Abies and Picea and 
their subsequent practical disappearance. Fluctuations in genera which con- 
tinue through the record, such as pine and oak, are inconclusive unless they 
can be traced from section to section. This cannot be done, therefore there 
is no valid evidence for climatic change since the disappearance of Abies and 
Picea. The facts do not disprove climatic changes but they throw no light 
on the problem. It is suggested that local successional changes, perhaps 
secondary, due to fire or other causes, may account for the alternation of 
pine and oak. 

There is indicated, therefore, a single major progressive climatic change : 
from conditions favoring continental glaciation to conditions bringing about 
its disappearance. During this period of transition, the ice melted away, 
Abies and Picea established dominance and held it for a relatively brief period. 
and were succeeded by dominance of pine and oak with other angiosperm 
species in minor amount. Since the disappearance of spruce and fir, no climatic 
change of major magnitude is indicated. 

It was stated in the historical summary that certain workers find evidence 
for postulating a period of maximum warmth during the time represented 
by the middle of the profiles investigated. A general increase in grass- 
Amaranth-Chenopod pollen in certain of the northern bogs has been con- 
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sidered by Sears (1935) to indicate a xerothermic period. Whatever evidence 
there may be in the present data to indicate such a climatic change should in 
all fairness be presented. Accordingly, a statistical analysis was made of the 
percentages of this complex (grass-Amaranth-Chenopod), by periods, using 
the shift from spruce-fir to pine-deciduous as a base, and extending to the 
surface. Only the ten bogs with complete record were utilized. Since these 
differed greatly in depth, an attempt was made to adjust all to an approximate 
standard time-scale, based upon the profile at Coon Creek bog, which shows 
the clearest record of the basal shift. In this the pertinent portion of the 
profile is six meters deep, and the standard time-scale was accordingly divided 
into six units. For each of the other bogs the adjustment was made by mul- 
tiplying the intervals between sampling depths by a factor obtained by divid- 
ing the standard six meters by the depth of the bog. In this way the shallower 
profiles were stretched out and the deeper ones shortened to conform with 
the standard. 

Summation of percentages of grass-Amaranth-Chenopod pollen from the 
ten complete bogs supplied points which were used to construct a graph, 
against time. The mean of all the points falling within 


plotting percentage 
was taken and when these were again plotted a curve 


each time division 
showing the average of the ten bogs was obtained (Fig. 16). 
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Fic. 16. Curve of the combined percentages of grass-Amaranth-Chenopod 
pollen based on data from 10 bogs. Total time is an arbitrary time scale using 
the shift from spruce-fir as a marker. 
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The highest percentage (44 percent) appears at the surface and may be 
attributed to an increase of pollen of this complex due to disturbance as has 
been found in the surface layers by other workers. The remainder of the 
curve, after irregularities have been smoothed out, seems to point to a rather 
general increase of pollen of this group at some time during the middle 
period. It must be kept in mind that these percentages are only relative and 
in no case does this complex show a maximum over pollen of pine or oak. 
Whether or not this increase in the grass complex is significant enough to 
indicate a climatic change is left an open question. 

The presence of oak pollen at the bottom of the profiles, and of other 
angiosperm genera at very low levels, is significant. If the occurrence 
of pollen were sporadic, it might have been blown from a long distance, but 
in the case of oak at least it seems too consistently present for this. The data 
strongly indicate the presence of at least a few angiosperm trees in the imme- 
diate region, suggesting that some species entered the region almost as soon 
as the pioneer conifers. Such an hypothesis should be easy to accept in view 
of the nearness of regions which might have served as sources of seed 
(Cooper, 1938). Areas undisturbed since Kansan time lay beyond the limits 
of the Wisconsin ice advance but sixty-five kilometers from the Anoka Sand 
Plain; the Driftless Area is not much farther away. Moreover, there is 
strong confirmation in unpublished studies of C. O. Rosendahl on wood and 
other fossil material found in silts of Lake Agassiz. Furthermore, abun- 
dance of pollen at depths of twenty and forty centimeters in the sand at the 
bottom of three sections in the present study, indicating that pollen was being 
deposited while sediments were still being washed or blown into the lakes, 
suggests very early establishment of vegetation in the vicinity. 


THE PROBLEM OF THE BoGs WITH INCOMPLETE RECORD 


Four sections in which the profile begins with dominance of pine and oak 
strongly suggest a truncated record with the lower portion missing. Finding 
these side by side with a larger series showing complete records presents a 
problem which still awaits solution. These four profiles are very similar to 
that of the Dells bog of Hansen (1937), who explains lack of Abies and 
Picea on the basis of late origin of basin, and compares it with the nearby 
Baraboo bog on much older terrain which shows a complete record. In this 
case geologic evidence supports Hansen’s conclusions. Such an explanation 
will not hold in the case of the Anoka Sand Plain, since all the basins are 
of closely similar age. It may be remarked, that, judging from results of the 
present study, it is possible that if Hansen had investigated other bogs under 
the same conditions as obtain at the Dells bog, he might have discovered that 
the latter is an exceptional case. Moreover, Voss (1937) found the same 
conifers in bogs located on Cary and Tazewell drift in Illinois differing some 


8,000 years in age. 
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One possible explanation, for Minnesota bogs at least, is that certain ice 
blocks remained unmelted much longer than others, so that the resulting pits 
came into being much later. In the meantime, Abies and Picea attained 
dominance and disappeared from the vicinity, so that the first adjacent vege- 
tation was Pinus-Quercus. This hypothesis would require persistence of 
buried ice for a number of centuries. 

It is possible that some of the incomplete bogs could have formed later 
than the complete bogs due to shifting sands during early postglacial time. 
Detailed study of the bottom sands of the “incompletes” might reveal the 
missing Abies and Picea maximum and careful investigation of these par- 
ticular pits with regard to size, form and probable physiographic history 
might also suggest a clue. At present, the problem must be left unsolved. 


SUMMARY 


Fourteen bogs drilled on the Anoka Sand Plain include both deep and 
shallow deposits, varying in depth from 1.6 meters to more than 11 meters. 
The pollen analyses show that there is a rough correlation between depth 
and completeness of record. 

Pollen spectra of ten of the bogs indicate that Abies and Picea were the 
first dominant trees in the region after ice recession, and that this pioneer 
forest was superseded by Pinus-Quercus, while four show that the postglacial 
plant succession had reached the Pinus-Quercus stage when they came into 
being. 

Overwhelming abundance of Abies and Picea followed by their practical 
disappearance is the most significant event recorded in the spectra and indi- 
cates a major climatic change. 

Fluctuations in Pinus and Quercus through the upper two thirds or more 
of the profiles have no certain climatic significance and may be due to local 
causes. Therefore, no climatic changes are indicated since the disappearance 
of Abies-Picea. In general, the recent increase in spruce at the upper levels 
is probably due to the presence of this tree on the bog or in the immediate 
vicinity. 

A statistical analysis of the combined percentages of grass-Amaranth- 
Chenopod pollen based on data from the ten complete bogs shows that there 
is some evidence for a general increase of this group in the middle of the 
profiles. Interpretation of this curve must await further investigation, 

Consistent occurrence of Quercus at the bottom of all profiles and general 
presence of other angiosperms at very low levels in some strongly suggests 
that certain deciduous genera came into the region almost as soon as_ the 
pioneer conifers. 

These studies show that the group method gives more reliable data than 
the single-bog plan, unavoidable in reconnaissance study, in that it avoids, 
to a reasonable degree, the danger of basing conclusions on exceptional cases. 
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A LIMNOLOGICAL INVESTIGATION OF THE MICRO- 
SCOPIC BENTHIC FAUNA OF DOUGLAS LAKE, 
MICHIGAN 


INTRODUCTION 


Previous investigations on bottom faunas have been concerned with the 
larger organisms with only incidental consideration, or more often, no men- 
tion at all, of the microfauna. In his paper on the bottom fauna of Lake 
Simcoe, Ontario, Rawson (1930) included some observations on the micro- 
fauna, listing 68 species and indicating their depth distribution. Bigelow 
(1928) described the ecological distribution of microscopic organisms in Lake 
Nipigon, Ontario, listing the organisms which he found in the “inshore bot- 
tom systasis” of the “bottom association.” He listed 28 animals and 16 plants 
‘associated ooze-film 


in the ‘“ooze-film assemblage” and 18 animals in the 
assemblage.” Baker (1918) listed 10 Cladocera, 1 copepod and 5 Naididae 
from the bottom deposits of Oneida Lake, New York. Juday (1908) found 
several microscopic animals living under anaerobic conditions in the pro- 
fundal region of Lake Mendota, Wisconsin. Adamstone and Harkness (1923) 
and Adamstone (1923; 1924) included mention of microfauna in the bottom 
deposits of Lake Nipigon, Ontario. Several researches on European Lakes 
should be mentioned. In every instance they are general studies of bottom 
fauna, with certain microfauna included. Investigations on Swiss alpine and 
subalpine lakes which included the microfauna are those of Zschokke (1906; 
1910), Brehm (1909), Fehlmann (1912), Hofsten (1912), Schmassmann 
(1923), and Borner (1917; 1928). These papers are primarily zoogeograph- 
ical, with emphasis on the distribution of “glacial relicts.””. The work of 
Deksbach (1925) on several Russian lakes included certain microfauna. 

In this investigation the writer has attempted to work out the microscopic 
benthic fauna of one lake, both qualitatively and quantitatively ; to determine 
the distribution within the lake; and to study the adaptations of these organ- 
isms to their environment. The microscopic benthic organisms form an im- 
portant link in the chain of those organisms which make available the food 
materials that are present in the bottom deposits. Some of them feed on the 
bacteria of the bottom deposits; others both on the bacteria and directly on 
bottom-deposit materials. These microscopic bottom organisms, in turn, are 
fed upon by the macroscopic bottom animals and certain of the bottom feed- 
ing fishes. This investigation, then, deals with a long-neglected group of 
organisms which are of fundamental importance in the biological productivity 
of a lake. 

This work covered the summers of 1933, 1934, 1935, 1936, and 1937, all 


collections being made during June, July and August, with the exception 
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of one series taken in October, 1937. It was done on Douglas Lake, Cheboy- 
gan County, Michigan. Morphometric, physico-chemical, and biological data 
concerning this lake have been presented in previous papers from the Uni- 
versity of Michigan Biological Station (Welch, 1927; Welch and Eggleton, 
Eggleton defined the limits of the 





1932; Eggleton, 1931; Miller, 1936). 
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Fic. 1. Map of the east end of Douglas Lake showing the transects and most of 
the stations used. Nine-meter and 15-meter contour lines indicate the extent of the 


littoral, sublittoral and profundal regions. 
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bottom zones of Douglas Lake as follows: littoral, 0-9 m.; sublittoral, 9-15 
m.; profundal, 15-28 m. 

Figure 1 shows the position of the transects and most of the stations used. 
During the first two summers, samples were taken from several stations in 
various parts of Douglas Lake. It was soon apparent that more could be 
gained by an intensive study of one region than by studying less frequent 
collections from many regions in the lake. After 1934, all collections were 
made from transects AA and BB. Two stations not shown in Fig. 1 were 
used in 1934. , 

In all, 80 collections of bottom samples have been examined, 27 of which 
were quantitative and made with the vertical core sampler. Most of the 
qualitative samples were taken with the ooze sucker. 

Four plankton collections served to determine seasonal distribution of 
adult and immature Cyclops bicuspidatus, an encysted stage of which was 
found in the bottom deposits. These samples were secured by making ver- 
tical hauls from bottom to surface by means of a plankton net equipped 
with No. 20 silk bolting cloth. 

Several vertical series of physico-chemical records were secured by the 
writer ; others were made available to him through the courtesy of associates. 


APPARATUS AND METHODS 
Bottom Samplers 


The ooze sucker used in this investigation is essentially like that devised 
by Rawson (1930). In his description, the screen over the mouth of the 
funnel is designated as ‘‘a coarse metal screen, 150 meshes to the inch.” Ob- 
viously, he meant either 15 meshes to the inch or 150 meshes to the square 
inch. The ooze sucker used in this investigation (Pl. I, Fig. 14, 15) has a 
20-to-the-inch mesh screen. The plates on the arms which compress the 
bulb are larger than those on Rawson’s apparatus, thus increasing their effec- 
tiveness. 

This ooze sucker was the most satisfactory instrument for qualitative col- 
lections. However, it is not suitable for quantitative work since: (1) it dis- 
turbs the finely divided ooze as it settles onto the bottom; (2) it collects 
only those organisms near the surface of the deposits; and (3) its efficiency 
is probably different on muck bottom and on sand bottom. 

For quantitative sampling a vertical core sampler (PI. I, Fig. 19, 20), 
made by the Foerst Mechanical Specialties Company, was used. It consists 
of a brass tube with a steel nose on the lower end and a weight and valve on 
the other. The valve permits free passage of water through the sampler as 
it descends, and closes automatically as the instrument is hauled up. A glass 
tube fits within the outer tube. The sampler is permitted to fall swiftly 
through the water and imbed itself in the bottom. It is then hauled to the 
surface, a cork placed in the bottom of the sampler, and the glass tube with 
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the core of bottom deposits removed by unscrewing the steel nose. The over- 
all length of the sampler is 60 cm. Each glass tube has a length of 48.4 cm. 
The inside diameter of the steel nose and of the glass tube is 2.2 cm. The 
area sampled is 3.8 sq. cm. Considerable difficulty was experienced in at- 
tempting to make the vertical core sampler function on sand bottom since it 
did not penetrate deep enough to hold the sample as it was hauled up. An 
additional weight (Pl. I, Fig. 20a) was designed in the form of a collar 
which slipped over the outside of the brass tube. This collar consists of 
two pieces of iron pipe, one within the other, the space between them being 
filled with lead. This collar is 25.6 cm. long; has an inside diameter of 3.4 
cm.; an outside diameter of 6.0 cm.; and weighs about 4.5 kg. It is held 
in place on the upper end of the brass tube by hose clamps. [Equipped in 
this manner (PI. I, Fig. 20) the sampler penetrates hard sand bottoms to 
a depth of about 15-20 cm. Thus sand cores are usually retained while the 
sampler is hauled to the surface, even from water depths of 12 m. or more. 
The field case used in carrying extra glass tubes and the cores is shown 
in Plate I, Fig. 16. 
Qualitative Examinations 

Material collected with the ooze sucker was examined under a low-power 
binocular microscope. The magnification ranged from 12 to 39 diameters. 
As specimens were found they were removed by means of a capillary pipette, 
transferred to a microscope slide, and examined under a compound micro- 
scope. 

To facilitate the isolation of larger forms, material collected with the 
ooze sucker was often screened with a 100-mesh-to-the-inch Tyler screen 
(mesh size, 0.15 mm.). The washing out of the finer detritus and the re- 
sulting concentration made it possible to examine much larger samples. Ob- 
viously, this procedure resulted in loss of most Protozoa and Rotatoria and 
of some Nematoda. However, these organisms were secured from unscreened 
samples. 

Practically all collections were examined alive. In the bottom-deposit 
materials, active organisms are much easier to distinguish than preserved 
ones. Qualitative collections from several stations were sometimes made on 
the same day. The resulting samples were then stored in a refrigerator and 
examined as soon as possible. 

It was felt that much could be gained by collecting these qualitative sam- 
ples in a systematic manner. Starting in June, 1935, series of collections 
were made along transects up the slope of the basin. Transects AA and BB 
(Fig. 1) were used. Three such series of qualitative samples were studied 
in 1935, and one in 1936. 


Quantitative Examinations 


Quantitative methods were devised using a vertical core sampler as the 
hasic instrument. To facilitate removal of material from the cores for quan- 
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titative examination and to study the vertical distribution of organisms in 
bottom deposits, it was necessary to work out a method of sectioning the 
cores. The method is illustrated in Plate I, Fig. 17, 18. A properly fitted 
piston (b), made from part of a rubber stopper, is inserted at the lower 
end of the glass tube. A rubber cup (a), 6 cm. in diameter, 3 cm. high, with 
a hole 2.2 cm. in diameter in the bottom, encircles the tube with the rim of 
the cup about 2 cm. below the top. The result is a water-tight trough around 
the upper end of the tube. Clear water above the bottom deposits is siphoned 
off. The piston and the core of bottom deposits is pushed to the upper end 
of the tube by inserting a rod, graduated in centimeters, below the piston. 
The first cm. of bottom deposits is forced up above the end of the tube, part 
of it spilling over and the rest of it being scraped off into the cup. This 
material is removed from the cup by means of a small bulb syringe, and the 
cup washed with tap water. The next cm. of bottom deposits is then pushed 
up above the end of the tube and removed in the same way. The base (PI. 
I, Fig. 17, 18, ¢), which serves as a support for the glass tube during the 
process of sectioning the core, is made from a rubber suction cup (diameter, 
11 cm.). 

In the preliminary quantitative work, a single core (3.8 sq. cm. area) 
was taken in each collection. However, since distribution of microscopic 
bottom organisms is probably not uniform, it was felt that a more correct 
measure of the population could be obtained by taking several samples, mix- 
ing similar strata from each sample, and then counting the organisms in 
some fraction of this aggregate sample. In most instances, five cores (19 sq. 
cm. total area) taken at random constituted a collection. [ach core was 
sectioned, usually into the following strata: O-1 cm. (1.e., the upermost cen- 
timeter of the bottom deposits) ; 1-2 cm. (1.e., the second centimeter of bot- 
tom deposits) ; 2-3 cm.; 3-4 cm.; 4-5 em.; 5-8 em.; 8-11 cm.; 11-14 em.; 
14-17 cm.; 17-20 cm. The 0-1 cm. stratum from all of the five cores was 
mixed together; the 1-2 cm. stratum from all of the five cores was also 
mixed; and in a like manner aggregate samples were prepared for the other 
strata. Aggregate samples of the first five strata were diluted to 100 ml. 
volume with filtered water. After thorough mixing, 20 ml. of the aggregate 
sample were removed for direct examination. The remaining 80 ml. were 
screened, using a 100-mesh Tyler screen, and the screenings retained for 
examination. In this way, smaller organisms (Protozoa, Rotatoria, and min- 
ute nematodes) were counted in one fifth of the sample and larger, usually 
less numerous, organisms counted in the whole aggregate sample. All ma- 
terial from the aggregate samples of the lower strata (5-8 cm., 8-11 em., 
11-14 cm., 14-17 cm., 17-20 em.) was screened with a 100-mesh Tyler 
screen, and the screenings retained for examination. Since preliminary exami- 
nation showed the absence of these smaller animals below the five-centimeter 


level, only screened samples from the lower strata were examined, 
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Since most of the counting was done on living material, a counting cham- 
ber no wider than the field of the binocular microscope was essential. The 
most satisfactory chambers were made by placing strips of adhesive tape on 
frosted glass lantern-slide plates (10.2 by 8.2 cm.) and coating the tape with 
paraffin. Four or five chambers, 7-8 mm. by 9 cm., were thus arranged on 
a single plate. The frosted glass resulted in more evenly distributed illumina- 
tion and less glare. The chambers were placed on the frosted side of the 
glass. 

Physico-chemical Methods 


Physico-chemical determinations involved the use of a Negretti and Zam- 
bra reversing thermometer ; a modified Kemmerer water sampler; and a pH 
colorimeter and indicators purchased from the LaMotte Chemical Products 
Co. Chemical analyses for dissolved oxygen, free COxg, and alkalinity were 
made according to the procedures outlined in Standard Methods for the 
Examination of Water and Sewage (7th edition, 1933). 


NATURE OF BoTtTToM DEPOSITS ALONG TRANSECT AA 


Along transect AA sand bottom extends lakeward from the shore line to 
a water depth of about 12.5 m., and along transects BB and CC to a water 
depth of about 9 m. Deposits from these depths out to the deepest regions 
are soft black ooze. 

Core samples taken at 8 m. water depth along transect AA consisted of 
an upper layer of fine ooze (organic detritus) about 4 mm. thick, and below 
this of clean, hard-packed sand. 

Cores taken from bottom deposits under 11 m. of water showed at the 
top a layer of organic detritus about 1 cm. thick; then followed a stratum 
of sand about 6 cm. thick blackened with considerable organic detritus ; and, 
finally, there was a layer of homogeneous grey marl at least 14 cm. thick. 
As the cores did not extend through this layer of marl, no precise statement 
can be made as to its thickness. 

Cores taken at 12 m. water depth showed 1 cm. of ooze on top, then 
about 10 cm. of blackened sand, and below this 8 cm. of clean sand. The 
line between the blackened sand and the clean sand was not sharp. 

Cores from 14 m. water depth showed 18 cm. of black ooze, which is as 
far as the sampler penetrated. The first 2 cm. of this deposit were quite 
liquid. Below 2 cm. the deposit became more solid until at the 5 cm. level 
and below it held its shape when pushed above the end of the glass tube. 
The nature of this black 00ze was described by Eggleton (1931). 

Cores taken at 17 and 20 m. water depth were similar to those from 14 
m., except that they were not as solid, the sampler penetrating to a depth 
of 20 to 25 cm. Below the 8 cm. level the deposit was solid enough to stand 
by itself when pushed above the end of the tube. 

The prevailing idea that there is immediately above the bottom a stratum 
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of water which is always turbid due to detritus in suspension should be 
questioned as far as the Douglas Lake situation is concerned. When proper 
care was used in removing the glass tubes from the sampler, the superim- 
posed water was clear, The transition from clear water to bottom deposits 
was an abrupt one. The upper deposit was not solid enough to support 
objects, yet it certainly could not be classed as turbid water. 


LIMITS OF PROBLEM 


In this investigation only microscopic benthic animals have been con- 
sidered. As there is no distinct line of demarcation between macroscopic and 
microscopic organisms, the following groups have been arbitrarily considered 
as macroscopic and hence outside the limits of this problem: Mollusca, In- 
secta, Malacostraca, and Tubificidae. Although a microscopic flora is present 
in the bottom deposits, it was not included in this work. 

Special attention was given to the microfauna of the profundal region, 
but collections have been made from all depths in the lake except the shore- 
ward part of the littoral region. Few collections were made at less than 
4 m. water depth. 
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ANNOTATED LIST 
In this list the following data will be indicated after the name of each 
animal: (1) General region occupied (abbreviations used are: L, littoral; 
SL, sublittoral; P, profundal) ; (2), depth of superimposed water; (3), type 
of bottom occupied ; and (4), number of collections (indicated in parentheses ). 


PROTOZOA 
Rhizopoda 
1. Amoeba proteus Leidy (?) L.: 5 m.; Sand; (1) 
2. Chyphoderia ampulla (Ehrenberg ) L., SL.; 3-10 m.; Sand, (3) 
Only those shelled Rhizopoda which showed pseudopodia have been re- 
corded. 
3. Diffugia constricta (Ehrenberg) L.; 8 m.; Sand; (1) 
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4. Difflugia lobostoma Leidy L.;8m.; Sand; (1) 
5. Difflugia acuminata Ehrenberg P.: 21 m.; Meek; (1) 
6. Pelomyxa palustris Greeft P.; 15-21 m.; Muck; (3) 


The size of this species is remarkable. Specimens up to 1.3 by 1.0 mm. 
were found. The protoplasm was loaded with diatoms, fine sand and other 
particles. One specimen was found as deep as 7-8 cm. within the bottom 
deposits. This protozoan was never very numerous. It has been found in 
the absence of free oxygen. | 

7. Pelomyxa villosa Leidy P.; 14-23 m.; Muck; (15) 

This amoeba is distinctly a profundal organism. It was found but once 
above 18 m. water depth. It was much more numerous below 19 m. than 
above this level (Table 3). In several instances it was present under an- 
aerobic conditions. 

Individuals of this species are not as large as those of the preceding one, 
the usual length being about 0.3-0.35 mm., the maximum length about 0.5 
mm. Many specimens show the characteristic posterior bulb which is cov- 
ered with numerous fine villi, 3-5 micra in length. This bulb is that part 
of the animal set off by a constriction near the posterior end. It disappears 
and reappears as the animal moves. Individuals seldom show pseudopodia. 
Movement of the protoplasm is easily observed. The central region is dis- 
tinctly fluid and this fluid protoplasm flows forward within an outer cylinder 
of more solid material. As the fluid protoplasm reaches the anterior end it 
turns to either side and becomes part of the more solid material. Some in- 
dividuals are in a rounded condition and lack the posterior bulb and villi. 
These rounded specimens show some movement and have been observed 
finally to take on the oblong shape and move about much more actively. The 
protoplasm is loaded with diatoms and numerous transparent (siliceous ?) 
particles. 

Mastigophora 
8. Unidentified flagellates 

Numerous small unidentified flagellates have been observed in the bottom 
deposits. In the quantitative work, these were unavoidably included with 
the minute ciliates but they make up a very small fraction of the total. 


Infusoria 
9. Coleps hirtus Nitzsch Li, SL. P.; 3-22m.c Sand, Muck: (39) 
This small ciliate was widely distributed in Douglas Lake, and was very 
numerous. Where a separate tally was kept in the quantitative work it made 
up 20-50% of all the minute ciliates. It was present but never numerous 


in the deep bottom under severe stagnation conditions. 
10. Cothurnia sp. SL., P.; 12-21 m.; Muck; (8) 


Cothurnia sp. is an epizoon on both active and encysted (Plate II, Fig. 
12) Canthocamptus staphylinoides. 
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11. Glaucoma frontata (Stokes) [Dallasia frontata Stokes] 
Ly DL; 3-12 ma; Sand; (2) 
12. Dileptus gigas Claparede and Lachmann 
L., SL.; 3-12 m.; Sand, Muck; (7) 
13. Frontonia leucas Ehrenberg 
L., SL., P.; 3-22 m.; Sand, Muck; (28) 
While this species was quite widely distributed in Douglas Lake, it was 
absent from the deeper bottom in late summer, although present there in 
early summer. It has been found in the upper portion of the oxygen-free 
zone. Its distribution was spotted. Occasionally it was very numerous (maxi- 
mum 2520 per sq. dm.). 
14. Leucophrys patula Ehrenberg L.; 3 m.; Sauds (1) 
15. Loxodes rostrum (Miller)  L., SL.; 1-13 m.; Sand, Muck; (18) 
This ciliate was very common (maximum 1733 per sq. dm.). 
16. Prorodon sp. L.: 8 m.; Sand; (1) 
17. Spathidium sp. SL., P.; 14-21 m.; Sand, Muck; (2) 
18. Spirostomum ambiguum Muller-Ehrenberg 
L., SL., P.; 5-22 m.; Sand, Muck; (28) 
This ciliate was widely distributed in the bottom deposits. It was com- 
mon but never as numerous as Frontonia leucas. It has been found in the 
absence of free oxygen. 
19. Spirostomum teres Claparéde and Lachmann ( ?) 
P.; 17 m.; Muck; (1) 
20. Stentor coeruleus Ehrenberg 
(L.), SL., P.; 5-22 m.; Muck, (Sand); (12) 
This ciliate was usually found on the muck bottoms of the sub-littoral 
and profundal regions. Once it was taken at 5 m. water depth on sand _bot- 
tom. It was fairly common at times (maximum 106 per sq. dm.). 
21. Stentor polymorphus (Muller) L., SL.; 3-13 m.; Sand, Muck; (5) 
This Stentor occurred sparingly in the littoral and sublittoral zone. It 
was not found in the profundal region. 
22. Urostyla sp. L.. SE.; &13 me Somes (3) 
23. Unidentified suctorian L.; 8 m.; Sand; (1) 
This suctorian was found as an epizoon on two different specimens of 
Cyclops agilis, On one Cyclops several were attached to the first antennae 
and on the other specimen there were five fastened to one furcal spine. 
HypROZOA 
1. Pelmatohydra sp. [..; 3-5 m.; Sand; (2) 
No attempt was made to determine the species of hydra. Miller (1930) 
reported both Pelmatohydra oligactis (Pallas) and P. pseudoligactis Hyman 


from Douglas Lake. 
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R HABDOCOELA 


1. Dalyellia spp. L., SL.; 3-12 m.; Sand, Muck; (10) 


Due to limited material the writer was unable to send Dr. Hyman as | 


many specimens as was desirable. Dr. Hyman finds that there are at least 
two species of Dalyellia, neither one corresponding to known species. She 
states in correspondence that one is rather close to D. rosst. 
2. Gyratrix hermaphroditus hermaphroditus Ehrenberg 
L., SL.; 3-14 m.; Sand, Muck; (27) 
This species was the most common of the rhabdocoels found. Specimens 
observed in June, July and August contained eggs with developing embryos. 
The eggs were separate, transparent, and light brown to yellowish in color. 
From three to six eggs were observed in a specimen. In some instances the 
embryos were active within the egg membrane. 
3. Macrostomum sp. L., SL.; 4-10 m.; Sand, Muck; (3) 
According to information supplied by Dr. Hyman in correspondence, 
these specimens of Macrostomum appeared to have no sex organs and con- 
sequently could not be identified to species. She states that the flattened rear 
end suggests \/. appendiculatum (Fabricius) but that it would be necessary 
to examine the penis stilette before final decision could be made. 
4. Mesostoma macropenis Hyman 
L., SL.; 4-10 m.; Sand, Muck; (4) 
This is a new species described by Dr. Hyman from material furnished 
her by the author. (Hyman, 1939.) 
5. Microstomum sp. L., SL.; 4-15 m.; Sand, Muck; (6) 
Specimens of Microstomum always contained nematocysts, some having 
as many as 500-700. In one instance, a hydra was found in the same sam- 
ple. They usually were collected on sand bottom, but two individuals were 
taken on muck bottom at 15 m. water depth, during the fall overturn. 
The Microstomum sp. and the Stenostomum sp. listed below were identi- 
fied by the writer. 
6. Stenostomum sp. L., SL.; 4-13 m.: Sand, Muck; (6) 


NEMATODA 


1. Small unidentified nematodes* 

L., SL., P.; 1.5-22 m.; Sand, Muck; (61) 
These small nematodes were very abundant in the bottom deposits. They 
were widely distributed, occurring in most of the collections. They were 
found in reduced numbers in the deeper profundal deposits under severe 
stagnation conditions. Quantitative and seasonal distribution of the nem- 
atodes, as well as their vertical distribution within sand and muck bottoms 

is discussed later. 


* Professor L. J. Thomas states in correspondence (September 24, 1939) that the nematodes 
sent him are all of the genus Trilobus bastian 1865. “Small unidentified nematodes” throughout 
the paper refers to this species. 
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ROTATORIA 

Practically all of the rotifers listed below were limited to the littoral re- 
gion. Mr. Frank J. Myers informed the writer, in correspondence, that, 
with one exception, the material sent to him consisted of common cosmopoli- 

tan rotifers. Synonyms, as given by Mr. Myers, are included in brackets. 
1. Aspelta beltista Harring and Myers L.; 5 m.; Sand; (1) 

2. Cephalodella gibba (Ehrenberg) |Diaschiza gibba| 

L..; 3 mm; Send; (1) 
3. Cephalodella megalocephala (Glasscott) | Diaschiza megaloce phala | 
LL.; 4-6 m.; Sand; (1) 


ra 


4. Conochilus sp. L.; 8-10 m.; Sand; (1) 
3. Dicranophorus artamus Harring and Myers L.; 5 m.; Sand; (1) 
6. Dicranophorus edestes Harring and Myers L.;5m.; Sand; (1) 
7. Dicranophorus epicharis Harring and Myers L.; 4-6 m.; Sand; (2) 


8. Dicranophorus rostratus (Dixon-Nuttall and Freeman) 
L.; 5 m.; Sand; (1) 
9. Dipleuchlanis propatula (Gosse) [Diplois propatula| 
L.; 4-6 m.; Sand; (1) 
10. Dissotrocha macrostyla (Ehrenberg) [Philodina macrostyla| 
L., SL.; 4-14 m.; Sand, Muck; (9) 
Dissotrocha macrostyla has both the crawling and swimming habit. The 
body, except for the head and foot, is covered with a layer of detritus. This 
species and the more abundant FRotaria spp. were the only rotifers found in 
the deeper sublittoral and the profundal bottoms. 
11. Diurella insignis Herrick LL.; 4-6 m.; Sand; (2) 
12. Diurella tigris (Miller) L., SL.; 4-11 m.; Sand, Muck; (7) 
D. tigris was common on sand bottom in the littoral region. Only once 
was it found below 8 m. and then on muck bottom. 
13. Euchlanis parva Rousselet L..; 4-6 m.; Sand; (1) 
14. Keratella cochlearis (Gosse) [Anurea cochlearis | 
L.; 4-6 m.; Sand; (1) 


This species was also a common plankter in Douglas Lake. 


15. Lecane crepida Harring L.; 5 m.; Sand; (1) 
16. Lecane flexilis (Gosse) [Cathypna flevilis]| 1.2: 5 m.; Sand; (1) 
17. Lecane mucronata Harring and Myers L.; 5m.; Sand; (1) 


According to information furnished the writer by Mr. Frank J. Myers 
in correspondence, Lecane mucronata is in all probability a psammobhiotic 
species, and has hitherto been found only in acid waters. The only specimen 
collected was notable for the relatively great length of the anterio-lateral 
spines. Mr. Myers has made a slide of this specimen and deposited it in 
the American Museum of Natural History. 

18. Lecane signifera (Jennings) [Cathypna signifera| 
L..; 4-6 m.; Sand; (2) 
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19. Mikrocodides chlaena ( Gosse ) L.; 5 m.; Sand; (1) 


20. Macrochaetus subquadratus Perty |Polychaetus subquadratus | 
ins > m5 Semd; (1) 
21. Monostyla lunaris (Ehrenberg ) L.; 3-6 m.; Sand; (5) 
22. Mytilina ventralis redunca (Ehrenberg) [Salpina ventralis | 
L.; 4-6 m.; Sand; (1) 
23. Notholca striata acuminata Ehrenberg L.; 4-6 m.; Sand; (1) 
24. Notommata cyrtopus Gosse L.; 5 m.; Sand; (1) 
25. Rotaria rotatoria (Pallas) | Rotifer vulgaris | 
L., SL., P.; 5-22 m.; Muck, Sand; (23) 
26. Rotaria tridens (Montet) [Rotifer tridens| 

Mr. Myers explained in correspondence that Rotaria tridens is near R. 
rotatoria. It has a jaw formula of 3 plus 3, instead of 2 plus 2; the head 
is somewhat larger ; and the spurs are slightly longer and narrower. 

Rotaria rotatoria and R. tridens were the only rotifers found in the pro- 
fundal bottom. They occurred in the deeper profundal deposits during late 
summer under severe stagnation conditions. They were present during the 
fall overturn at 21 m. water depth in much greater numbers than during 
the summer. 

One type of locomotion exhibited by these species of Rotaria is probably 
associated with their benthic habit. They creep through and over the ooze, 
with the corona pulled in, their body lengthening and shortening in a tele- 
scopic fashion. They can expand the corona and swim, but this type of 
locomotion is less common than the other. 

27. Scaridium longicaudum (Miller ) L.; 4-6 m.; Sand; (2) 
28. Trichotria tetractis (Ehrenberg) |Dinocharis tetractis | 
L.; 3-5 m.; Sand; (2) 


(;ASTROTRICHA 


1. Chaetonotus sp. L., SL., P.; 2-21 m.; Muck, Sand; (26) 
Chaetonoti were present but apparently never very numerous. They have 
been found in the profundal region in the absence of free oxygen. They 
were present in fairly large numbers at 21 m. during the fall overturn. 
2. Lepidoderma sp. 

This species was not found in Douglas Lake proper but was taken from 
the bottom deposits at the head of Maple River (the outlet of Douglas Lake ) 
in 0.5 m. of water. 

O)LIGOCHAETA 
1. Acolosoma sp. L..; 4-9 m.; Sand; (4) 
2. Chaetogaster sp. L., SL.; 3-15 m.; Sand, Muck; (26) 

Chaetogaster is the only one of the Naididae which was found on muck 

bottom in the sublittoral region. It was the most common of the smaller 


Oligochaeta present in the littoral. 
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3. Naidium sp. L., (SL.); 4-11 m.; Sand; (5) 
4. Nais communis Piguet ( ?) L..; 4-9 m.; Sand; (4) 
5. Paranais sp. L.., SL.; 4-11 m.; Sand; (3) 
6. Pristina longiseta leidyi Smith L.; 2-9 m.; Sand; (5) 
7. Slavina appendiculata (d’Udekem ) L.; 4-6 m.; Sand; (1) 
8. Stylaria lacustris (L.) Ls: 5 m5 Samls(s) 


CLADOCERA 


1. Alona quadrangularis (O. F. Miiller ) 
L., SL.; 3-15 m.; Sand, (Muck); (16) 

Alona quadrangularis was one of the more common benthic Cladocera. 
It was mostly limited to the littoral region, having been found below 11 m. 
but once, during the fall overturn. Only twice was it found on muck bot- 
tom. Rawson (1930) reported this species in Lake Simcoe from bottom 
zones extending from 2-45 m. His observations were made in May and June. 

This species with its large post-abdomen and small antennae (Plate II, 
Figs. 21, 22) is well adapted to life on the bottom. The powerful post- 
abdomen, with its large claws and basal spines, numerous strong serrate mar- 
ginal denticles, as well as patches of weaker lateral spines (two rows on 
each side of post-abdomen), makes a very effective organ of locomotion. 

Bigelow (1928) listed this species as belonging to the “associated ooze- 
film cenosis” of the “inshore bottom systasis.” While it may not plow 
through the ooze, it certainly rests upon it and uses its post-abdomen for 
moving over its surface. 

2. Alona guttata Sars L..; 3-5 m.; Sand; (2) 

Bigelow (1928) recorded Alona guttata as belonging to both the ‘“‘asso- 
ciated 00ze-film cenosis” of the “inshore bottom systasis” and the “vegetation 
systasis.”” 

3. Bosmina sp. SL. ; 13-15 m.; Sand, Muck; (2) 

It is probable that this species is a plankter and that its occurrence in the 
bottom population may be accidental. 

4. Camptocercus rectirostris Schoedler L..; 3-6 m.; Sand; (3) 

Rawson (1930) reported Camptocercus rectirostris from bottom zones 
extending from 2-20 m. Bigelow (1928) placed it with the ‘associated ooze 
film cenosis.”’ 

Structural features (Plate II, Figs. 28, 29) seemingly associated with 
locomotor habits are as follows: antennae small; post-abdomen long, narrow, 
and armed with numerous serrate marginal denticles; claws long, each with 
one long basal spine and one row of smaller spines along proximal half of 
claw. 

5. Chydorus faviformis Birge 1..: 4-6 m.: Sand; (2) 

Chydorus faviformis was listed by Bigelow (1928) as belonging to the 
“protected bay association, pelagic systasis, subsurface cenosis.” Its occur 
rence on the bottom in Douglas Lake was probably accidental. 
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6. Chydorus piger Sars L., SL.; 4-15 m.; Sand, (Muck); (13) 

Chydorus piger was common on sand bottom, being as numerous as was 

Alona quadrangularis. It was found on the muck bottom once, at a depth 
of 15 m. during thei fall overturn. 

The antennae are moderate in size ; the post-abdomen not especially large ; 
the claws moderate in length ; and the post-abdomen bears 7-8 marginal spines 
concentrated at the lower posterior angle. C. piger has no outstanding modi- 
fications for life on the bottom. 

7. Daphnia longispina hyalina galeata (Sars) 

L., SL., P.; 8-21 m.; Sand, Muck; (5) 
8. Daphnia pulex parapulex retrocurva (Forbes) 

L., SL., P.; 5-18 m.; Sand, Muck; (4) 
9. Drepanothrix dentata (urén) L., (SL); 4-11 m.; Sand; (12) 

Bigelow (1928) designated Drepanothrix dentata as belonging to the “pro- 
tected bay association, pelagic systasis, subsurface cenosis.” In Douglas 
Lake, it must also be considered as belonging to the littoral benthic fauna. 

This species (Plate II, Figs. 25, 26, 27) has a small post-abdomen which 
is provided with many small spines and a small claw. The antennae are 
stout and each of the two proximal segments of the lower, 3-segmented ramus 
bears a long stout seta. These setae are about as long as the antennae. They 
are directed posteriorly. These setae are effective as structures for pushing 
the animal over the surface of the ooze film. 

10. Ilyocryptus sordidus (Liévin) 
L., SL., P.; 6-21 m.; Muck, Sand; (4) 

Ilyocryptus sordidus was not common in Douglas Lake during the periods 
studied, having been found only four times during the five summers. The 
very interesting adaptations of this species, as well as those of other species 
of Ilyocryptus, were discussed by Bigelow (1928) who listed this cladoceran 


as belonging to the “ooze-film cenosis, inshore bottom systasis.” Rawson 
(1930) reported //yocryptus sp. from bottom zones extending from 2-45 m. 
depth. Hanko (1927) described a new species, /. balatonicus, from the bot- 
tom ooze (gyttja) of Lake Balaton, Hungary. He discussed in detail its 
adaptations to life in the bottom ooze. 

The antennae are broad and powerful (Plate II, Fig. 30) and are used 
for plowing through the ooze film rather than for swimming. The post- 
abdomen (Plate II, Fig. 31) is large and is equipped with many spines. It 
is effective in helping to push the animal through the ooze. Retention, after 
molting, of the shell with its marginal setae results in the animal becoming 
covered with large amounts of debris. 

11. Latona setifera (Muller)  L., SL.; 4-11 m.; Sand, (Muck); (10) 

Bigelow (1928) listed Latona setifera as belonging to the “associated ooze- 
film cenosis.” It shows no particular adaptations to the bottom ooze. The 
post-abdomen is small. The antennae are short and fan-like, being covered 
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with many plumose setae. They are swimming organs but are also effective 

in pushing aside particles of debris. 
12. Leydigia quadrangularis (Leydig ) 

L., SL.; 8-15 m.; Muck, Sand; (8) 

sigelow (1928) placed Leydigia quadrangularis in the “ooze-film cenosis.”” 

It is similar in appearance to Alona quadrangularis. The post-abdomen 

(Plate II, Figs. 23, 24) is larger, and armed with lateral movable spines 

rather than fixed marginal ones as in A. quadrangularis. In both, the an- 

tennae are so small that they have only a very limited use as swimming organs. 

There was a distinct difference in distribution of these two species, L. 
quadrangularis being mostly confined to muck bottoms of the sublittoral, 
while A. quadrangularis is usually found on sand bottoms of the littoral 
region. 

13. Monos pilus dispar Sars L..; 4-6 m.; Sand; (1) 

Only one specimen of Monospilus dispar was found (August, 1937). 
Shells of dead specimens were seen several times. Like Ilyocryptus, it re- 
tains the molted shell. The one specimen found was free of any covering of 
debris. The post-abdomen is powerful and armed with broad, strong claws. 

sigelow (1928) indicated this species as belonging to the ‘‘ooze-film cenosis” 
and discussed its adaptations to the ooze-film. 
14. Ophryoxus gracilis Sars L.; 4-10 m.; Sand; (4) 

Bigelow (1928) indicated Ophryoxus gracilis as belonging to the “pro- 
tected bay association, pelagic systasis, subsurface cenosis.” 

The antennae are weak; the post-abdomen stout, with a broad posterior 
margin ; the distal posterior margins of the post-abdomen armed with nodules 
covered with fine hairs ; and the claws long, with two basal spines. The post- 
abdomen is an effective organ for aiding locomotion over the ooze-film. 


COPEPODA 


1. Attheyella illinoisensis (Forbes) L.; Sand 
2. Attheyella northumbrica (Brady ) L.; Sand 
3. Bryocamptus hiemalis brevifurca Coker L..; Sand 


The three Harpacticidae just mentioned were lumped in the quantitative 
work. They were numerous on the sand of the littoral and upper sub-littoral 
regions, rarely being found on muck bottoms. They have been secured from 
1.5-14 m. water depth in 28 collections. 

4. Canthocamptus staphylinoides Pearse 
Active animals L., SL., P.; 5-21 m.; Sand, Muck; (21) 
Cysts lL... SL., P.: 5-18.5 m.; Sand, Muck; (16) 

This Canthocamptus was present both in an active and encysted condition 
(Plate III, Fig. 32) throughout the summer. The active individuals were 
not numerous during the early summer but increased in number as the season 
progressed due to excystment of encysted individuals. During the late sum- 
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mer active individuals were found at 17 and 18.5 m. water depth in the 
absence of free oxygen. Practically all had excysted (Tig. 8) by the last 
of October. 

Active individuals of the summer population are full grown but sexually 
immature. During the fall overturn, the active animals showed reproductive 
activity. Many females carried egg cases; many pairs were copulating ; and 
some females bore spermatophores. 

Active individuals were distinctly benthic organisms, being able to move 
readily through the thin ooze by means of the feet and antennae. 

The writer has found no previous record of cysts of Canthocamptus in 
North America. Lauterborn and Wolf (1909) reported cysts of C. micro- 
staphylinus Wolf in Untersee, Germany, in June, from 15 to 20 m. water 
depth. Kessler (1912) found cysts of Canthocamptus staphylinus var. thall- 
witsi Kessler and of C. microstaphylinus in ponds in the vicinity of Dresden, 
Germany. He also reported the formation of cysts from active individuals 
of C. staphylinus thallwitsi under laboratory conditions. Dr. Edward S. 
Deevey, in a letter to Professor F. I. Eggleton of July 1, 1937, reported 
finding cysts of C. staphylinoides in several Connecticut situations in 1937. 

Canthocamptus staphylinoides cysts (Plate III, Fig. 32) are flattened 
discs with a diameter of 0.42-0.55 mm. The thickness of the disc is about 
one-half its diameter. There are cysts of two sizes, the smaller ones contain- 
ing males and the larger ones females. Within the cyst, the abdomen is bent 
dorsally over the cephalo-thorax. The cyst is composed of firm material 
which permeates and cements together particles of debris. Lauterborn and 
Wolf described the cysts of C. microstaphylinus as composed of two layers, 
a homogeneous inner one and an outer heterogeneous one, the cementing 
material alone forming the inner, while the cementing material with particles 
of debris formed the outer layer. This division of the cyst wall into two 
layers apparently does not hold for C. staphylinoides. The cyst is not at- 
tached to the animal, and the latter can turn round and round within the cyst. 
The animals can be shelled out of their cysts quite easily. In excystment, the 
animals escape through a hole in the side of the cyst which they apparently 
make by extending the abdomen and rupturing the cvst. [Empty cysts retain 
the same form as before, and can be recognized in the bottom deposits. En- 
cysted animals are full-grown and the sexes can be distinguished by means 
of the antennae. 

Quantitative and seasonal distribution of the cysts, their vertical distribu- 
tion in the bottom deposits, and the factors concerned in encystment and ex- 
cystment are discussed later. 

5. Canthocamptus sp. L., SL.; 1.5-13 m.; Sand; (8) 

Regarding this species, Dr. Coker states in correspondence that it is ap- 
parently of an undescribed species, resembling C. minutus in many respects, 
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but differing markedly from it in that the female has but one well-developed 
caudal seta. 

These animals are quite common throughout the summer. They are more 
numerous at 5 m. water depth than below this level. Several copulating pairs 
were observed during the last half of July. At that time, this species could 
be distinguished by two bright red lines, one on each side of the digestive 
tract, a character which did not show at other times. 

6. Cyclops bicuspidatus Claus 


Adults, active P.; 15-21 m.; Muck; (3) 
Immature, active SL., P.; 11-22 m.: Muck, Sand: (12) 
Cysts P.; 15.5-22 m.; Muck; (20) 


The encysted immature individuals (Plate III, Fig. 33) were present in 
enormous numbers throughout the summer. The number of cysts increased 
as the summer progressed (Fig. 9). In two instances, a single cyst was found 
at 11 m. water depth, in muck bottom. All other cysts were found at 15.5 
m. water depth and below. Both adult and immature individuals are present 
in the plankton during the summer, being a common but not the predominant 
Cyclops. Adults of C. bicuspidatus were the predominant Cyclops of the 
plankton collected October 30; a few immature individuals were also present 
in this plankton. 

Adult specimens of C. bicuspidatus were found but once in the bottom 
deposits. This was during the fall overturn. They are considered as acci- 
dental in the bottom population. 

While the number of active immature individuals of C. bicuspidatus in 
the bottom deposits was small, they were more numerous than the adults. 
In many samples, no active individuals were present, while the cysts occurred 
in large numbers. In other samples, there were a few active individuals and 
many cysts. It is possible that some or all of these active individuals were 
present as encysted individuals and had excysted during the time between 
collection and examination of the sample. 

Cysts of Cyclops bicuspidatus were reported by Birge and Juday (1908) 
from the bottom deposits of Lake Mendota and other Wisconsin lakes. 

The cysts (Plate IIT, Fig. 33) of this Cyclops are ovoid: about 0.6 mm. 
long ; and about 0.45 mm. in greatest diameter. Within the cyst, the abdomen 
is bent ventrally under the cephalo-thorax. The whole animal ts apparently 
covered with some cementing substance which permeates and binds together 
particles from the bottom deposits. This coating of debris is firmly attached 
to the animal. Tips of the furcae and furcal spines extend through and _ be- 
yond the cyst wall. When the animal excysts, there is no empty cyst, that 
can be recognized-as such, left behind. When the cysts have been in surface 
lake water or in tap water for a time the animals, still covered with debris, 
can be seen extending and flexing the abdomen, and jerking the feet and 
antennae. After a few hours more, clean active Cyclops are present and there 
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is no trace of an empty cyst to be found. The animals in these cysts are all 
in the same stage of development. They are already in the “Cyclops” stage 
but are still sexually immature, and have 10-segmented antennae. Adults 
have 17-segmented antennae. The furca and fifth foot are like those of the 
adult. [xcysted animals were reared to the adult condition and identified 
as Cyclops bicuspidatus. 

(Quantitative and seasonal distribution of the cysts, their vertical distribu- 
tion in the bottom deposits, and the factors concerned in encystment and ex- 
cystments are discussed later. 

7. Cyclops leuckarti Claus” L., SL... (P.) ; 5-21 m.; Sand, Muck ; (16) 

This Cyclops was found many times in the bottom deposits. It was not 
collected below 15.5 m. water depth during the summer, but was found at 
21 m. during the fall overturn. This species has been taken from the bottom 
so many times that it can hardly be considered as accidental to the bottom 
population. 

8. Cyclops agilis Koch, Sars [Cyclops serrulatus Fischer | 
L., SL., P.; 5-17 m.; Sand, Muck; (18) 
9. Cyclops viridis (Jurine) L.., SL.2 5-81 m.: Sand: (3) 
10. Unidentified Cyclops (mostly immature ) 
L., SL.; 2-15 m.; Sand, Muck; (17) 
11. Diaptomus sp. L., SL., P.; 3-21 m.; Sand, Muck; (6) 
12. Nauplii L., SL., (P); 3-21 m.; Sand, Muck; (21) 

Nauplii were found in the profundal region only during the fall overturn 
but were fairly numerous in littoral and sub-littoral bottoms in summer. Dur- 
ing the fall overturn, there was a very large population of nauplii at 15 m. 
water depth (2015 per sq. dm.). The fall overturn nauplii were possibly 
those of Canthocamptus staphylinoides, many females of which were found 


at that time bearing egg cases. 
OSTRACODA 


1. Candona crogmaniana Turner L., SL.; 4-12 m.; Sand, Muck; (6) 
Specimens of this species were not as numerous as are those of the next 
two. 
2. Candona exilis Furtos  L., SL., P.; 4-18.5 m.; Muck, Sand; (27) 
3. Candona reflexa Sharpe SL., P.; Muck. Sand 
Candona exilis and C. reflexa were lumped in the quantitative work. Ap- 
parently, C. exilis was the more numerous of the two. Most of the records 
for these two species were from the sublittoral region. The quantitative series 
of July (Table 2) and of August (Table 3) show that they were most abun- 
dant in the sublittoral and upper profundal regions. These records also indi- 
cate that they were more numerous in muck than in sand bottoms at 11 m. 
water depth. A few individuals were found in August at 18.5 m. water depth 
in the absence of free oxygen. Quantitative and seasonal distribution of 
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Candona spp.. as well as vertical distribution in the bottom deposits, ue dis- 


cussed later. 

Dr. Tressler states in correspondence that Candona reflexa is a very 
doubtful species and may, as Sharpe himself states, be only an immature 
stage of some larger species. It is the only Candona with the reflexed bristle 
on the third leg. 

4. Candona (?) sp. 

Only four specimens of this animal were found. Three of them were dis- 
sected by the writer and one by Dr. Tressler who examined sketches of two 
of the specimens dissected by the writer and the slide made from the third. 
Dr. Tressler is convinced that it is an immature form, probably of some 
species of Candona. The first claw of the furca is about half as long as the 
second. The second claw is about two-thirds as long as the furca without 
the claws. The dorsal seta is about one-half the length of the furca without 


SL.; 9-11 m.; Sand; (2) 


the claws. One specimen was 0.8 mm. long by 0.35 mm. high by 0.26 mm. 


wide. 
. Cyclocypris serena (Koch) 1..; 4-9 m.; Sand; (3) 
6. Cypria exsculpta (Fischer ) 

(L), SL., P.; 6-21 m.; Muck; Sand; (21) 


SL., P.; 9-22 m.; Muck, Sand; (24) 


[eal 


7. Cypria lacustris Sars 

The two species of Cypria were not separated in the quantitative work. 
C. lacustris was somewhat more numerous. Cypria spp. were almost entirely 
confined to the sublittoral and profundal regions. They showed little differ- 
ence in their distribution. It should be noted that these species occurred in 
considerable numbers in the deeper profundal region in late summer under 
severe stagnation conditions. Quantitative and seasonal distribution of Cypria 
spp., as well as vertical distribution in the bottom deposits are discussed later. 

8. Darwinula stevensoni (Brady and Robertson ) 
L..; 4-9 m.; Sand; (3) 

This interesting ostracod carries its young within the valves. About one- 
half of the specimens found were gravid. One female may contain five or 
six young, some of which are active. 

In locomotion the first pair of antennae extends beyond the valves and 
are curved upward, while the second pair extends beyond the valves and 
curves downward and backward. The first pair serves to clear away debris 
while the second pair, working with the feet and furcae, functions in pulling 
the animal forward. This same arrangement and use of antennae have been 
noted for Candona and other ostracods. 

9, Limnicythere sancti-patricu (Brady and Robertson) 
L., (SL); 4-10.5 m.; Sand, (Muck); (10) 

In one instance, this species was found on muck bottom at 10.5 m. water 


depth. Otherwise it was collected only on the sand bottom of the littoral 


region. 
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10. Pionocypris obesa (Brady and Robertson) L.; 4-9 m.; Sand; (5 
11. Physocypria pustulosa (Sharpe) SL.; 11 m.; Muck; (1 
12. Unidentified Ostracoda 


) 
) 
small larval animals 

L., SL.; 5-15 m.; Sand, Muck; (14) 





ACARINA 


The Hydracarina were all confined to the sand bottom of the littoral re- 
gion. The oribatoidean (Horny water) mites and an unidentified mite, 
neither of which belongs to the Hydracarina, were the only species that were 
found on muck bottoms of the sublittoral region as well as in the littoral zone. 

1. Axonosis sp. L.; 5-8 m.; Sand; (2) 

Dr. Ruth Marshall indicated that this is an undescribed species. Two 
females were found. 

2. Forelia sp. L.; 5-9 m.; Sand; (4) 

This Forelia was also indicated as an undescribed species by Dr. Mar- 
shall. Three females and 5 nymphs occurred in the four collections. 

3. Koenikea marshallae Viets L.: 5m.; Send: (1) 
4. Limnesia fulgida Koch L..; 5 m.; Sand; (1) 

Nymphs of Limnesia sp. were found in two other collections from 5 m. 
water depth. Limnesia fulgida was reported from Douglas Lake by Marshall 
(1927). 

5. Mideopsis sp. L.; 5-9 m.; Sand; (3) 

Dr. Marshall writes that the description of this species is in manuscript. 
She has several locality records of this species previous to this one. 

6. Mideopsis orbicularis (Miller) L.; 5 m.; Sand; (1) 

Marshall (1927) reported this species from Douglas Lake. 

7. Piona sp. L.; 5-8 m.; Sand; (4) 

Only nymphs of Piona were present in the collections sent to Dr. Marshall. 

8. Pionacercus sp. L.; 8 m.; Sand; (1) 

This form was also indicated as an undescribed species by Dr. Marshall. 

One female was found. 
9. Nymphs of superfamily Oribatoidea 
L., SL.; 3-14 m.; Sand, Muck; (9) 

Dr. Ewing states in correspondence that there is no way of telling to what 
genus these mites belong without rearing them and that “our species” have 
never been reared. 

This horny water mite was found more commonly on sand bottom. Three 
records were from the sublittoral region, one of these from muck bottom. 
They were never very numerous. The short legs and strongly curved claws 
enable it to move about quite easily in the ooze-film. 

10. Unidentified mite* L., SL.; 5-15 m.; Sand, Muck; (8) 

This species was the most common of the Acarina. Its legs are moderate 


* Specimens of this mite have been sent to Dr. H. E. Ewing for identification. 








lich ht Asa Nib ki eC ER iNT 


cont bht a0 














eee oe 


Pe het ath tesco 





October, 1939 A. LIMNOLOGICAL INVESTIGATION 559 


in length. The terminal joint bears a pair of large sickle-shaped claws, very 
similar to those of the horny water mite. The animals move about quite 
readily among the ooze particles, clinging to larger fragments of plant remains 
and similar materials with their claws. 


TARDIGRADA 


1. Macrobiotes sp. L., SL.; 3-16 m.; Sand; (4) 

These water-bears (0.2 mm.-0.3 mm. long), with their short legs and 
strongly curved claws, can cling very tenaciously to bits of debris and sand 
grains. 

QUALITATIVE RELATIONS 

Series of qualitative collections taken in 1935 and 1936 show several 
things regarding distribution up the slope of the basin during the summer 
stagnation period. As the depth within the hypolimnion increased, the num- 
ber of species of microscopic benthic animals decreased. However, there are 
a few species which were able to maintain themselves in the deeper profundal 
bottoms under stagnation conditions which became increasingly severe. Not 
only did the number of species decrease with the increasing depth, but ap- 
parently there was a decrease in number of species at the same depth as 
summer progressed. Certain species, such as Spirostomum ambiguum, Sten- 
tor coeruleus, and Frontonia leucas, maintained themselves under anaerobic 
conditions for a shorter time than did others, such as Coleps hirtus, Rotarta 
rotatoria, and an unidentified nematode. 

Qualitative sampling made it clear that during the summer the sand _bot- 
tom of the littoral region supported a more diversified fauna than the muck 
bottom of the sublittoral and profundal regions. This was particularly true 
of the Rotatoria, Naididae, Cladocera, and Acarina. The Ostracoda were 
well represented in all regions of the lake, but the population of the littoral 
region was very different from that of the sublittoral and profundal regions. 
Except for Canthocamptus staphylinoides, the Harpacticidae were mostly 
limited to the sand bottom. 

QUANTITATIVE RELATIONS 

Table 1 summarizes four quantitative collections made during the last 
half of June, 1937. These collections were taken mainly for experimenta- 
tion with methods of sectioning cores and methods of counting. Each col- 
lection consisted of a single core. Cores were sectioned at different levels to 
determine the most satisfactory method of dividing them into strata. The 
whole sample was counted without screening. Collections taken June 22 at 
21 m. and June 30 at 6 m. water depth were counted immediately. The other 
samples, after being sectioned, were stored in a refrigerator for several days. 
This table is included because part of its data were used in graphing the 
seasonal distribution of certain organisms. .\ summary of the physico-chemi- 
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cal data of June 22 is as follows: Surface temperature, 21.4° C.; bottom 
temperature, 8.1° C. Thermocline, 9-14 m. Oy at 16 m., 3.6 cc/l.; at 20 m., 
0.07 cc/l, pH at surface, 8.2; of hypolimnion, 7.0. Free CO, at 16 m., 1.5 
ppm.; at 20 m., 4 ppm. 

Table 2 summarizes the results of a series of collections taken during 
July 1937. These collections were all made on transect AA except one taken 
July 20 at 11 m. water depth. This station, on transect BB, is about 250 m. 
south of transect AA, and was chosen in order to get a sample from muck 
bottom at this depth. The only apparent difference between the two stations 
was the type of bottom. Each collection was examined and counted before 
TABLE 1, SUMMARY OF EARLY QUANTITATIVE SAMPLES TAKEN DuriINnG JuNE, 1937. 


u 
Figures GIVEN INDICATE THE NUMBER OF ORGANISMS PER SQUARE 
DECIMETER OF Bottom. 














ere iinarurinctctanchenernka reenta 6/22 6/30 | 6/22 6/30 
Water depth in meters............. ss 21 15 11 6 
i er ee era eM RGhs @leo ae AA AA AA AA 
Type of bottom......... SE ee ee eT Muck Muck | Sand Sand 
Area sampled in sq. cm........... ere 3.8 3.8 3.8 3.8 
ae 234 ee 
ee aioe we e 26 
Diffugia acuminata... .......00...ec008- ; 52 pat oh 
PEND oi pp cial bd dss ais ee ads’ 182 3120 26 
Loxodes rostrum........00000-- pa emeehe an ee sats 52 
Spirostomum ambiguum............000000- Rate wasts 1040 52 ree 104 
ELE ee ce oe ee - 52 are aoe sfahiss 
Painute Cuietes;........6.... Peed ene POS ewe aeons eee 3172 1924 1482 1560 
Eee ee. owas sieewie ewhs ee eee 130 546 234 364 
ee ee ee ere pat er Kents ae 78 
Unidentified Rhabdocoelida....... ee ~~ Tere ‘pane Sate si 26 
Re a ne ee — cane 26 104 
ee acs bi aka cence sk age we kow eye ek as 130 ies 
Other Rotatoria.......... eee aarer ee Sais hee me 156 
SEE Re OEE Oe ee ee pate 26 26 
PEG Soca cua pegasus (ib dkaceeceews 52 
ILE 65g ols Sa Gos wckbe Se echa ow eb chee ; 52 
DOPING 65h60> 555050404 ee ee specie Biss pats 26 ee 
Drepanothrix dentata.......... Fee Jaa ees ata | ee 5 26 oe 
Tlyocryptus sordidus........00.ccesc00s eee a aa ee Pee 26 
ee ee eee ; scisienae yee fie 26 26 
Leydigia quadrangularts... 0.0.0.0 cece cee eee ey Evite 52 
Canthocamptus sp.............-- Rete ein dek Seer ie ih kee eee Sits oe 156 
Canthocamptus staphylinotdes. 0... 0.0 ccc cee cece ences er a 130 
ep RIE BOUND) ns 5 abs occu cesccsavacncecvseders ee 832 i pics 
CPUREE BUMIADIIONNI i ck iss ssccecses Ra Bintan) aele s 52 corti 52 546 
Cyclops bicuspidatus (immature)..... mn see 572 
Cyclops bicuspidatus (cysts)............... Sy reer eR 7020 roe ee Poets 
ME RSMEE. Ca scanbeseoechesesccsas er Re ee Pcs 26 104 26 
ie orn nhs wed os iS Be a 26 ae 
Cyclops sp. (immature)............... pee errr ney? 78 eas 26 
EN 5k Fo aan signe Gs chug eta kines a de ee ears ; re 78 78 26 
Oe eee Meckinkeeeear ere 26 364 pote 26 
Ostracoda (immature)......... eles ' ee Saar 130 104 
ree eee ee re NG a eee re eee 52 52 
RL en al sk exw bees Oka ab eee oe 26 52 26 
et ee eae 52 
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five cores. 
Physico-chemical conditions on July 16 are shown graphically in Fig. 2. 


the next was made. In most cases, a collection consisted of 

Table 3 summarizes a series of quantitative samples taken during the last 
half of August, 1937. These collections were all made on transect AA, except 
the one taken August 29 on muck bottom at 11 m. water depth. Three col- 


lections from sand bottom (11, 8 and 5 m.) were not examined alive. These 


TABLE 2, SUMMARY OF A SERIES OF QUANTITATIVE SAMPLES TAKEN DuRING JuLy, 1937. 
Figures GIVEN INDICATE THE NUMBER OF ORGANISMS PER SQUARE 
DECIMETER OF Borrtom. 

















| 





Ns ey eae es Pe eee 7/7 7/10 7/13 7/20 7/16 7/23 7/28 
Water depth in meters 20 17 14 ll ll 8 5 
TPARSECE < .6< 5: AA AA AA BB AA AA AA 
Type of bottom. . ep nteae Muck Muck Muck Muck Sand Sand Sand 
Area sampled in sq. cm......... 11.4 19.0 19.0 19.0 i.2 19.0 19.0 
Ps ee a a ae Bafa rdoowts rater 26 
Mn re or aie a ee — ieee alt peas Bey 26 
VINE MONE 5 oo pea ocd ala oe aie twle aime 106 26 131 236 79 262 re 
POMONEE FOSWWE 66s bin kiko We ie boas Pes bad ia 79 158 210 260 
Spirostomum ambiguum......... 53 26 158 26 185 105 52 
Stentor coepuleus.........00- 106 26 79 26 
Stentor polymorPhus.......ccccccccceccece ican re i aid es : 26 
IPIURE CHAUES, . ok cece ce. 1478 4595 3780 4410 4673 4856 4568 
eee ee ee eee ee ae , ‘ ; 5 
PROMNMN Sf ws we aes 176 2362 840 525 818 1129 630 
Gyratrix h. hermaphroditus. . 10 5 20 21 
Microstomum sp...........05. 16 
Unidentified Rhabdocoelida.... 21 
Dissotrocha macrostyla.......0cccccccccees és : 53 106 53 
AIS BOs obs oh aaa ba : 53 26 53 53 
Otaer Rotatora.. 0.5.6.2... EI 26 184 551 
INS BENG oo ae gacwae acd ceee peree hs 53 , ; 53 78 525 
IIE EM aoc aie we uals sos sua wean | 10 10 7 10 105 
Other Naididae............. 5 " 
Alona quadrangularis.......... 7 26 5 
GRYBOFUS DUE. oo. 5 Sic kc vce 10 58 
Drepanothrix dentata.......... 5 5 
ERIONR FOE. ook cee csne. 7 10 
Leydigia quadrangularis....... 5 7 
Canthocamptus sp... ......00- ; 7 31 131 
Canthocamptus staphylinotdes...... 9 26 26 epics 33 283 
C. staphylinoides (cysts)........... se 2772 1082 1937 205 5 10 
Other Harpacticidae.......... ee pe sor 2 wets es 46 84 84 
Cyclops bicuspidatus (cysts).............. 6890 1811 5 ' 
ee ee ei 5 5 40 5 10 
a 5 16 13 37 
Cyclops 017tdts..... 00s ceccccces : 7 
EZICIODE BB. (IAMAUUTE) «oie 65 ess sce eesivccwseen 5 37 5 13 16 
MINE AM se EARS aba WS) ivabics eas . ree 37 
Re rere hae iole ial Caratons 142 42 110 39 36 
OST Seat SRO a oa ae 26 105 539 42 7 
Darwinula stevensont........... 21 . 
Limnicythere sanctt-patricti....... 47 
RON OTES OUI 055 5 hPa docdcieecdsasaws : 5 
Oscracoda (immature)........... | fe 10 7 10 , 
CY OE Cro ree nae eee a re 105 ne 25 158 
a OREN O TE Lee he ay Te 5 5 13 36 42 
PRMCTONNOES OO caso Sanwewdwas 31 
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cores were sectioned and the aggregate samples screened with a 100-mesh 
Tyler screen, and the screenings preserved. Hence the Protozoa, Rhab- 
docoelida and Rotatoria could not be counted in these three samples. Physico- 
chemical conditions on August 22 are shown graphically in Fig. 3. 

Table 4 summarizes two collections made during the fall overturn, Oc- 
tober 30, 1937. The collections were examined immediately. Physico-chem- 
ical data of this date show the lake was homothermal at 7.0° C. Dissolved 
oxygen throughout the lake, 7.7 cc/l.; pH, 8.2; free COs, 0.0 ppm. 

Examination of these summaries of quantitative series shows that during 
the summer: (1) Excluding the encysted Cyclops bicuspidatus and Pelomy.xa 
villosa, both the number of individuals and the number of species decreased 
sharply in the deeper profundal region. (2) The sand bottoms of the littoral 
region supported a more numerous and more diversified fauna than did the 
TABLE 3. SUMMARY OF A SERIES OF QUANTITATIVE SAMPLES TAKEN DuriInGc AUGUST, 


1937. Figures GIVEN INDICATE THE NUMBER OF ORGANISMS PER SQUARE 
DECIMETER OF Bottom. 





























ere Miaeiie chen | 8/19 | 8/21 | 8/22 | 8/24 | 8/25 | 8/27 | 8/29 | 8/29 | 8/30 | 8/30 
Water depth in meters......... ge 7m 496:5 1 47 (35.51 Mini wv 8 | 5 
SS ee ee | AA AA | AA AA AA | AA | BB | AA | AA | AA 
TIDE SE DOIN « 56 vein sese .| Muck Muck | Muck | Muck | Muck | Muck | Muck | Sand Sand | Sand 
Area sampled in sq. cm.........| 19.0 | 15.2 | 19.0 19.0 | 19.0 19.0 | 19.0 | 19.0 | 15.2 11.4 
ae See aeemenes Seeeere (oeenereesl (ese eees 
go | 265 442 131 
LT i a ear jersey Leer BO Piccew | aioe f seancd ccae 1 ee Reente on 
Frontonia leucas..............-- eae kee A ces adieu 79 79 | 1496 | 2520 | these three col- 
PETE Gi wimps ssceescasews |... |... | wee. | eee | eee | eee | 1733 | lections were made 
Spirostomum ambiguum............... pate ae ie | es ee ee 52 | .... | from preserved 
EN is cs wie dns a Grseiss as | 184 | 390 | 1181 | 551 | 1129 | 2258 | 9030 | screened samples. 
eS i ac wigkin ne 26 7| 126} 856} 919| 998 | 766 | (100-mesh Tyler 
Stenostomum spp..........sce0eseee0% EPR Never eee nee: Meee Ceweewet ame Oe Me te 
Gyratrix h. he-maphroditus........ eet Nee ee aoe ; eeees eee ee 
a cakkccvee es cekesh. ae 78 | 105 i .... _  * een gee 
se ee RTT Oe, Werte ee (eee Meee es Meee ie enn eee 
NE er re oer ee Fen Se 7 eee eee eee eee ee een Peers wee 
Se eee ee ree ieee eee ere wae Ph once] 7\ 44 
Other Naididae................... ce feo Geers meres Peet Peery irrers rere Mee 60 | 195 
Alona quadrangularis ........0.004.. eee eee 9 
Chydorus piger............05- | 7 | . 
Daphnia longispina hyalina. .... ee eee Sore seed eeees Gee were Bh BE cece 
Drepanothrix dentata........... Cee rea Eee waco | woes | even | cece | cove | once | 9 
Ophryoxus gracilis. ........0005: eee” eer Ie eld sane E aces Leese | coer d aime en care 9 
Canthocamptus staphylinoides ............ | ssos faves | OP 971 632 152 | 42 68 20 | 123 
C. staphylinoides (cysts). ............55: rece | wees 4: Soe ARR 20] se | 1250 116 ; | , 
Other Harpacticidae............... ee ee eeee: ler [vere [wees [eeee | veee | vee, 33 | 132 
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Cyclops sp. (immature)................. [en eee Deere eee 5 | >] i cons SN cc’ 
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TABLE 4. SUMMARY OF Two QUANTITATIVE SAMPLES TAKEN DuRING THE FALL OvER- 
TURN, 1937. Figures GIVEN INDICATE THE NUMBER OF ORGANISMS PER 
SQUARE DECIMETER OF Bottom. 








Date 10/30 10/30 
Water depth in meters 21 15 
Transect... AA AA 
Type of bottom. Muck Muck 
Area sampled in sq. cm. 11.4 1.4 
Pelomyxa villosa........ ; 528 
Frontonia leucas 106 
Stentor coeruleus 26 
Minute ciliaves ; 14626 6890 
Nemateda .. 44 141 
Microstomum sp... . Meee 18 
Rotaria spp... .. é ns ss ; ee 317 106 
Otner Rotatoria 106 
Chaetonotus sp..... ee 317 
Chaetogaster sp. ? 
Alona quadrangularis...... east ; 26 
Chydorus piger....... Sree. ss BA 18 
Canthocamptus staphylinoides os 18 2006 
C. staphylinoides (cysts).... ; ; 176 
Other Harpactcicidae. . 9 ; 
Cyclops bicuspidatus (adult) 3 18 9 
Cyclops bicuspidatus (immature) oe 3 53 44 
Cyclops bicuspidatus (cysts) 53 
Cyclops leuckartt........ 9 26 
Cyclops sp. (immature) 26 
Diaptomus sp... ; 9 
Candona spp...... he 9 
Cypria spp. ‘ Ks 18 
Ostracoda (immature) : | 79 ‘ 
Nauplii 106 2015 


muck bottoms of the sublittoral. Within the littoral region, the number of 
species and number of individuals were somewhat greater at 5 m. than at 
8 m. water depth. (3) At the same depth, the fauna of the sand bottom 
was more numerous and more diversified than that of muck bottom (Table 
2). With few exceptions, those species which were common to both situa- 
tions were more numerous on sand bottom. Important exceptions are Cantho- 
camptus staphylinoides cysts, Candona spp., and Cypria spp. A similar com- 
parison is shown in Table 3. It is apparent that the type of bottom was a 
factor in determining the nature and amount of the microfauna. 


DISTRIBUTION UP SLOPE OF LAKE BASIN 
CANTHOCAMPTUS STAPHYLINOIDES (ACTIVE AND CYSTS) AND CYCLOPS 
BICUSPIDATUS (CYSTS) 

Both of these copepods were found encysted in the bottom deposits. Dif- 
ferences in distribution of the cysts of these two species up the slope of the 
basin are shown in Figs. 2 and 3. In each figure, two collections made at 
11 m. water depth are shown, one from sand and the other from muck bot- 
tom. All stations except one were located on transect AA. In order to 
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get a sample from muck bottom at 11 m. water depth, a station was se- 
lected on transect BB about 250 m. south of transect AA. Black bars repre- 
sent the number of cysts of Cyclops bicuspidatus per square decimeter of 
bottom (approximately 16 sq. in.) ; cross-hatched bars indicate the number 
of Canthocamptus staphylinoides cysts per sq. dm.; and the open bars, the 
number of active C. staphylinoides per sq. dm. 

The cysts of Canthocamptus staphylinoides were found from 11 m. water 
depth to 18.5 m. Very few cysts occurred above 11 m. water depth but this 
scarcity may be correlated not only with depth but also with the type of 
bottom. The only apparent difference between the two stations at 11 m. 
was in the character of the bottom. In muck bottom at 11 m. water depth 
there were about 10 times as many cysts as in sand bottom. The increase in 
the number of active C. staphylinoides and the decrease in the number of 
cysts in late summer should be noted although this is discussed under sea- 
sonal distribution. 

Cyclops bicuspidatus cysts were found in large numbers at 17 m. water 
depth and below. A few cysts were collected at 15.5 m. water depth, and 
twice, a single cyst was found in samples from 11 m. An increase in the 
number of cysts with increasing depth was very definitely shown. The tre- 
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Fic. 2, Environmental factors 


and distribution up the slope of basin. Early sum- 
mer, 1937. Cyclops bicuspidatus cysts (black bars), Canthocamptus staphylinoides 


cysts (cross-hatched bars), and active C. staphylinoides (open bars). The scale used 
in plotting the number of Canthocamptus is four times as large as the scale used for 
the number of Cyclops. The number of organisms per square decimeter of bottom, 
dates of collection, and type of bottom are indicated. Physico-chemical data: 7/16/37. 
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Fic. 3. Environmental factors and distribution up the slope of basin. Late sum- 
mer, 1937. Cyclops bicuspidatus cysts (black bars), Canthocamptus staphylinoides 
cysts (cross-hatched bars), and active C. staphylinoides (open bars). The scales used 
are the same as those in Fig. 2. The number of organisms per sq. dm. of bottom, and 
dates of collection are indicated. All collections, except the one labeled sand, were 
made from muck bottom, Physico-chemical data: 8/22/37. Free COzg in ppm. Og 
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in cc/I. 


mendous population is apparent when it is realized that at 20 m. and below 
in late summer there are 1,000,000 to 1,300,000 per square meter of bottom. 
An increase in the number of cysts as summer progressed 1s indicated by a 


comparison of the two figures, but is more clearly shown in Fig. 9. 
OSTRACODA 


Distribution of the Ostracoda up the slope of the basin is shown in Figs. 
4 and 5. In Fig. 4, two collections made at 11 m. water depth are shown. 
The black bars represent three species of Candona: C. exilis, C. reflexa, and 
C. crogmaniana. C. exilis made up the greater part of the population; C. 
reflexa was fairly common; and C. crogmaniana made up a very small frae- 
tion of the population. The cross-hatched bars represent Cypria lacustris and 
Cypria exsculpta. C. lacustris was somewhat more numerous than C. e.- 
sculpta. The open bars represent small immature ostracods that were found 
frequently. The stippled bars indicate other Ostracoda, namely Limnicythere 
sancti-patricii, Pionocypris obesa, and Darwinula stevensoni. 

Figure 4 shows that the ostracod fauna of the littoral region was dis- 
tinct from that of the sublittoral and profundal, with a certain amount of 
over-lapping in the case of Candona spp. Also, that at 11 m. the sand and 
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muck bottoms ‘supported the same forms but that the sand bottom showed 
a much smaller population. 

Both figures show a distinct concentration of Ostracoda at the bottom 
of the sublittoral region. Apparently, this concentration zone was more pro- 
nounced in early summer than in late summer. Also, while both Cypria and 
Candona persisted in the oxygen-free portion of the hypolimnion, Cypria 
extended farther into this region, indicating that it was able to withstand 


somewhat more severe stagnation conditions. 
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Fic. 4. Environmental factors and distribution up the slope of basin. Early sum- 
mer, 1937. Ostracoda. (Black bars, Candona spp.; cross-hatched bars, Cypria spp.; 
open bars, small immature ostracods ; stippled bars, other Ostracoda, i.e., Limnicythere, 
Pionocypris, Darwinula.) The scale used in plotting the number of ostracods is larger 
than those used in Figs. 2 and 3. The number of organisms per sq. dm. of bottom, 
dates of collection, and type of bottom are indicated. Physico-chemical data: 7/16/37. 
Free COz in ppm. Og in ce/I. 


NEMATODA 


The distribution of the nematodes up the slope of the basin is shown in 
Figs. 6 and 7. The black bars represent the nematodes. In Fig. 6, two col- 
lections made at 11 m. water depth are shown. 

Nematodes persisted into late summer in greatly reduced numbers in the 
oxygen-free portion of the hypolimnion. Fig. 6 shows a distinct concentra- 
tion zone at about 17 m. This concentration zone did not appear in late 
summer (Fig. 7). No attempt is made to explain its presence early in the 


summer and its absence later. 
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Fic. 5. Environmental factors and distribution up the slope of basin. Late summer, 
1937. Ostracoda. (Black bars, Candona spp.; cross-hatched bars, Cypria spp.; open 
bars, small immature ostracods.) The scale used is the same as in Fig. 4. The number 
of organisms per sq. dm. of bottom and dates of collection are indicated. All collec- 
tions were made from muck bottom. Physico-chemical data: 8/22/37. Free COe in 
ppm. Og in cc/1. 
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mer, 1937. Nematoda. The scale used in plotting the number of nematodes is different 
from those used in Figs. 2, 3, 4, 5. The number of organisms per sq. dm. of bottom, 
dates of collection, and type of bottom are indicated. Physico-chemical data: 7/16/37. 
Free COz in ppm. Ov in ce/IL. 
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Fic. 7. Environmental factors and distribution up the slope of basin, Late sum- 
mer, 1937. Nematoda (black bars) and Pelomyxa villosa (cross-hatched bars). The 
scale used in plotting the number of Pelomyxa villosa is 1.5 times as large as the 
scale used for the nematodes. The number of organisms per sq. dm. of bottom and 
dates of collection are indicated. All collections were made from muck bottom. 
Physico-chemical data: 8 /22/37. Free COzg in ppm. Ov in cc/I. 


PELOMYXA VILLOSA 
The distribution of Pelomyxa villosa is represented by the cross-hatched 
bars of Fig. 7. This animal was found but once above 18 m. water depth. 
It was present in large numbers in the deeper profundal region under severe 
stagnation conditions. It was present during the fall overturn at 21 m. in 
still greater numbers. (Table 4). 


SEASONAL DISTRIBUTION (SUMMER AND FALL) 
CANTHOCAMPTUS STAPHYLINOIDES (CYSTS AND ACTIVE) 

Figure 8 shows the seasonal distribution of both encysted and active 
Canthocamptus staphylinoides in the muck bottom of the sublittoral and 
profundal regions. Cross-hatched bars represent encysted animals ; open bars, 
active ones. The population was not a stationary one but rather there was 
a decrease in the number of cysts as summer progressed. Coincidently, the 
number of active individuals increased considerably. During the summer, 
active individuals showed no evidence of reproductive activity. These facts 
indicate that some of the animals excysted in mid-summer. Conditions dur- 
ing the fall overturn are shown by the collection made October 30, 1937. A 
few of the animals had not yet excysted. Active animals showed reproductive 


activity. 
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Fic. 9. Seasonal distribution of Cyclops bicuspidatus cysts. 1937. Depth in meters, 
number of cysts per sq. dm. of bottom, and dates of collection are indicated. 
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CYCLOPS BICUSPIDATUS (CYSTS ) 


Seasonal variations in the population of encysted Cyclops bicuspidatus 
It should be noted that there was an increase in the 
Vertical plankton hauls made at 


are shown in Fig. 9. 
number of cysts as summer 
various times during the summer showed that both adults and immature 
stages of C. bicuspidatus were present in moderate numbers. C. bicuspidatus 
is a plankter and throughout the summer apparently some of the immature 
individuals dropped to the bottom and encysted. Cysts had practically dis- 
appeared by October 30. The few that remained were in the 1-2 and 2-3 
A vertical plankton haul made October 30° showed adult C. 
No females with egg cases were 


progressed. 


cm. strata. 
bicuspidatus to be the predominant Cyclops. 
noted, but several showed well-defined ovaries with eggs. 
ent, as well as a few immature individuals. 


Males were pres- 


OsSTRACODA 


Seasonal distribution of Ostracoda in the sublittoral and profundal regions 
Black bars represent Candona spp. ; cross-hatched bars, 
The Cypria appear to 


is shown in Fig. 10. 
Cypria spp.; open bars, small immature ostracods. 
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10. Seasonal distribution of the Ostracoda on muck bottom of the sublittoral 
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have decreased in number from a spring or early summer maximum. This 
was not true of the Candona. Both groups had almost disappeared by the 
time of the fall overturn. The increase in number of small immature forms 
at the fall overturn should be noted. Observations extending throughout the 
entire year would probably furnish details of the life cycle needed to explain 
this variation in seasonal distribution. 


NEMATODA 


Figure 11 pictures the seasonal variations of the nematodes in muck bot- 
toms of sublittoral and profundal regions. They decreased in number at 17 
m. water depth and below from early to late summer; above that level, there 
appears to have been a slight increase in the population during the same 
period. While the fall series is very incomplete, it appears that the summer 
population had almost disappeared at that time. Again it is obvious that the 
complete story cannot be told without observations covering the entire year. 


CILIATES 


Figure 12 shows the seasonal variation of the total ciliate population on 
muck bottoms of the sublittoral and profundal regions. This group includes 
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Fic. 11. Seasonal distribution of the nematodes on muck bottom of the sublittoral 
and profundal regions. 1937. Depth in meters, number of organisms per sq. dm. ot 
bottom, and dates of collection are indicated. 
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Fic. 12, Seasonal distribution of all ciliates on muck bottom of the sublittoral and 
profundal regions. 1937. Depth in meters, number of ciliates per sq. dm, of bottom, 
and dates of collection are indicated. 


the minute, unidentified ciliates, as well as the following larger species: 
Frontonia leucas, Loxodes rostrum, Spirostomum ambiguum, and Stentor 
cocruleus. In each collection, minute ciliates made up the bulk of the popu- 
lation, except that in the collection at 14 m. water depth, August 27, 1937, 
Frontonia comprised about 40‘ of the total; and in the collection at 11 m., 
August 29, 1937, Frontonia leucas composed about 19%, Lo.wvodes rostrum 
about 13%. Below 15 m. water depth there was a pronounced decrease in 
the number of ciliates as summer progressed. There was apparently a large 
increase in the population at 11 m. in late summer. The increase in the pro- 
fundal region during the fall overturn should be noted. It is not possible to 
say how long the complete overturn had been in progress, but it was probably 
no longer than two or three weeks. Removal of stagnation conditions, and 
the short life cycle of the ciliates, would account for this more than 50-fold 
increase. 
VERTICAL DISTRIBUTION IN BOTTOM DEPOSITS 

Methods used in sectioning the cores made it possible to determine the 
level within the bottom deposits to which these microscopic organisms pen- 
etrated. Fig. 13 is a set of pictorial tables showing vertical distribution of 
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several organisms within the deposits. In these tables, each column represents 
a composite core of bottom deposits. The number of cores in each com- 
posite varied from 14 to 52. In each stratum is indicated the total number 
of organisms found in that stratum in all cores included. To facilitate com- 
parison, the total number in all strata, as well as the number of cores, is given 
at the bottom of each column. 

Figure 13 A shows the total number of cysts of Cyclops bicuspidatus in 
the various strata from 19 cores collected at 17-21.5 m. water depth, August 
19-24, 1937. It should be noted that cysts were concentrated in the upper- 
most 2 cm. of the deposits and extended to the 5-8 cm. stratum. 

The total number of cysts (Fig. 13 C) and of active individuals (Fig. 
13 B) of Canthocamptus staphylinoides is indicated for the various strata 
from 20 cores at 11-17 m. water depth, August 24-29, 1937. It should be 
noted that the active individuals were concentrated in the first em. of bottom 
deposits, while cysts were absent from the first 2 cm. and were concentrated 
in the 5-8 and 8-11 cm. strata. Concentration of the cysts in these strata 
can be explained most easily by assuming that Canthocamptus burrowed into 
the bottom deposits and then encysted. 

Cypria spp. (Fig. 13 D) and Candona spp. (Fig. 13 IE) showed striking 
differences in their vertical distribution. The numbers of Cypria spp. in the 
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Fic. 13. Vertical distribution of several bottom organisms within the bottom de- 
posits. Each column represents a composite core of the bottom deposits. The strata 
within the bottom deposits and the number of organisms found in each stratum are 
indicated. The number of cores used and the total number of organisms found are 
indicated below each column. All collections are from muck bottom except those sum- 
marized in column F. 
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various strata from 42 cores collected from 11-20 m. water depth, July 7-20 
and August 21-27, 1937 are shown. The table for Candona spp. is based on 
40 cores collected from 11-18.5 m. water depth, July 10-20 and August 22- 
29, 1937. All collections were from muck bottom. The Cypria were con- 
centrated (55%) in the uppermost centimeter of deposits, and graded off 
sharply to the 3-4 cm. stratum, with only 3% of the total population below 
this level. The representatives of Candona spp., on the other hand, were 
about evenly distributed through the first 4 one-centimeter strata with 44% 
of the total population below the 4 cm. depth level. They extended into the 
17-20 cm. stratum. This difference in distribution, or rather in burrowing 
habits, might be correlated with body form. Specimens of Cypria were high 
and narrow, the height of the valves being about 65% of the length, and the 
breadth of the animal 50 to 65% of its height. Specimens of Candona e.vilis 
as well as the other Candona spp. were low and broad, the height of the 
valves being slightly less than 50% of their length, and the breadth of the 
animal almost equaling the height. Possibly this latter body form is better 
suited for burrowing in the bottom deposits. 

Distribution of Nematoda within sand bottom is shown in Fig. 13 F, 
which is based on 14 cores collected from 5-11 m. water depth, July 16-28, 
1937. Their distribution in muck bottom is shown in Fig. 13 G, which is 
based on 43 cores collected from 11-20 m., July 7-20 and August 22-29, 
1937. In sand bottoms, most of the nematodes were found in the first 2 cm. 
of the bottom deposits with 65% of the population in the uppermost cm. 
stratum. In muck bottom, about 38% of the population occurred in the 
uppermost cm. stratum. In this column (Fig. 13 G), the numbers of 
nematodes given for strata below 5 cm. are not high enough, since, as a rule, 
only screened samples were examined below this level. They do serve to 
show, however, that some nematodes lived as deep in the deposits as the 
17-20 cm. stratum. 

Figure 13 H shows the concentration of the minute ciliates near the sur- 
face of the deposits, with only 12% of the population below the 0-1 cm. 
stratum. This table is based on 52 cores, collected from muck bottom, 11-21.5 
m. water depth, July 7-20, and August 19-29, 1937. Fig. 13 1 showed for 
a still more pronounced con- 





Frontonia leucas—one of the larger ciliates 
centration near the surface of the deposits, with only 3% of the total popu- 
lation below the 0-1 cm. stratum. This table is based on 20 cores, collected 
from muck bottom, 11-17 m., August 24-29, 1937. 


ENCYSTMENT OF CYCLOPS BICUSPIDATUS 
Cysts of Cyclops bicuspidatus were reported by Birge and Juday (1908) 
from the bottom deposits of Lake Mendota and other Wisconsin lakes. They 


found them in very large numbers from June through September but more 
sparingly in October. They are reported here from the bottom deposits of 
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Douglas Lake. The fact that these cysts were found only in the profundal 
region and not over the whole bottom suggests that some factor, or factors, 
of the profundal waters served as a stimulus to which the animals react by 
encystment. That the absence of dissolved oxygen was not the causal factor 
was indicated by Birge and Juday. They found cysts early in the summer 
while the dissolved oxygen content of the profundal waters was still quite 
high (3-4 cc/l.). In the present investigation, no observations were made in 
late May and early June while the dissolved oxygen of the hypolimnion was 
plentiful. However, cysts have been found when the dissolved oxygen was 
low but not entirely depleted (0.1-0.5 cc/1). 

The fact that the number of cysts in the bottom deposits increased during 
the summer and that both adult and immature C. bicuspidatus were present 
as plankters throughout the summer suggests that possibly this encysted 
period may be a life-history stage, i.e., when a certain stage of development 
is reached the immature Cyclops may settle to the bottom and encyst. But 
the fact that the cysts are confined to the deeper profundal bottom, increas- 
ing in number with increasing water depth, is hard to fit into this explanation. 

Coker (1933) described some experiments with a Cyclops sp. from a 
marsh near Chapel Hill, North Carolina. [eggs of his Cyclops sp. develop 
normally only at low temperature. Nauplii, however, will continue their de- 
velopment at high temperature to the fourth copepodid stage, where their 
development is arrested. These Cyclops sp. remain active in this stage as 
long as 143 days, more than five times the period required from the egg 
to the fourth copepodid stage. Exposure to low temperature (6-8° C.) caused 
these arrested individuals to complete their development. It should be em- 
phasized that this period of arrested development is not a resting period, 
the immature Cyclops remaining active. 

It is possible that in Cyclops bicuspidatus we have an arrest of develop- 
ment combined with a resting (encysted) stage. The stimulus for enevst- 
ment of the arrested immature Cyclops need not be high temperature or 
lack of dissolved oxygen. Any one factor, or a combination of several fac- 
tors operative in the profundal waters might serve as a stimulus for encyst- 
ment. That some factor in the profundal region is responsible seems likely 
since the cysts are confined to that region. No explanation is offered at this 
time as to the factors directly responsible for encystment. 

The factors responsible for excystment are not known. A few cysts re- 
mained on October 30, 1937. They were not at the surface of the deposits 
but were in the 1-2 and 2-3 cm. strata. No observations were made between 
the last of August and October 30. Birge and Juday indicated that in Lake 
Mendota excystment occurs before the removal of stagnation conditions. 
They reported fewer cysts during the last half of September and still fewer 
in October, finding a single cyst as late as October 23. In this investigation, 
excvstment was induced several times during the summer by placing the 











Ecological Monographs 


576 GEORGE M. Moore Volo eNG 4 


cysts in surface lake water or in tap water for a few days. Some of the 
animals excysted within 24 hours while others took as long as 3 or 4 days. 

The observations and experiments of Roy (1932) showing that adults 
and preadults of “Diacyclops bicuspidatus” Claus withstand desiccation of 
their habitat by the help of these protective envelopes, should be mentioned. 
Obviously, the encystment reported by Birge and Juday and by the present 
writer has no relation to desiccation, either as a factor responsible for encyst- 
ment, or as an adaptation to the conditions of desiccation. 

It should be pointed out that the release of these encysted Cyclops would 
result in a tremendous pulse of Cyclops in the fall plankton: Adult Cyclops 
bicuspidatus were the predominant Cyclops in the plankton collected October 


30, 1937. 
ENCYSTMENT OF CANTHOCAMPTUS STAPHYLINOIDES 


Lauterborn and Wolf (1909) pointed out that Canthocamptus micro- 
staphylinus is a winter species. They believed that there is but one genera- 
tion a year and that the generation produced during the winter encysted 
when the water temperature rose above 12° C. and then excysted when it 
again. dropped below 12° C. Excysted animals then became sexually active 
and produced the next generation. Donner (1928) discussed experimental 
work with Canthocamptus staphylinus from ditches which became dry dur- 
ing the summer. He believed his experiments indicated that encystment is 
a response to high temperature and not to drying. He showed that the en- 
cysted individuals cannot withstand complete desiccation. 

The facts given in the present paper indicate that Canthocamptus 
staphylinoides is also a species reproducing only in winter. The temperature 
relations are, however, by no means as clear cut as those assumed by Lauter- 
born and Wolf for C. microstaphylinus. In Douglas Lake at 17 m. water 
depth, encystment (Fig. 2, 3) must have occurred in water no warmer than 
10.5° C. At 18.5 m., there were a few cysts where the late summer tem- 
perature was 9.5° C. Also, in late summer, many of. the animals had already 
excysted at 17 m. water depth where the temperature remained unchanged 
at 10.5° C. At 14 m., a smaller proportion of them had apparently excysted 
during the period when the temperature increased from 13° to 17.5° C. 
Obviously, considerable more investigation is necessary before any explana- 
tion as to the factors causing encystment and excystment of Canthocamptus 
staphylinoides can be offered. 

INFLUENCE OF STAGNATION CONDITIONS 

It seems profitable at this point to include by way of a summary a list 

of those microscopic bottom animals which have been found in Douglas Lake 


living under anaerobic conditions in the lower part of the hypolimnion. They 


are as follows: 





























October, 1939 A LIMNOLOGICAL INVESTIGATION 577 
Pelomyxa palustris Rotaria tridens 

Pelomyxa villosa Chactonotus sp. 

Coleps hirtus Canthocamptus staphylinoides, cysts 
Cothurnia sp. Canthocamptus staphylinoides, active 
Frrontonia leucas Cyclops bicuspidatus, cysts 
Spirostomum ambiguum Candona e.vilis 

Stentor coeruleus Candona reflexa 

Unidentified Nematoda Cypria exsculpta 

Rotaria rotatoria Cypria lacustris 


Except for the encysted Cyclops bicuspidatus, the only species occurring 
in considerable numbers in the deeper profundal region was Pelomy.xa villosa. 
In late summer, P. villosa was confined to the oxygen-free zone of the 
hypolimnion. The other species listed above were found also in the upper 
part of the profundal, in the sublittoral, and to some extent, in the littoral 
region. Except for Pelomy.ra villosa and encysted Cyclops bicuspidatus, these 
animals occurred in greatly reduced numbers in the lower part of the stag- 
nation zone. It would seem that, barring the exceptions just mentioned, 
these organisms “endure rather than select an anaerobic environment” as 
Eggleton (1931) concluded in regard to the macroscopic profundal fauna. 
Pelomyxa villosa was found during the fall overturn at 21 m. water depth 
in much larger numbers than in August. This would indicate that it is also 
a facultative anaerobe. 


SUMMARY 


1. Special methods and apparatus for qualitative and quantitative in- 
vestigation of the microscopic bottom fauna on sand and muck bottoms are 
described. 

2. A total of 116 species of microscopic animals have been recorded from 
the bottom deposits of Douglas Lake, distributed in the following taxonomic 
groups: Protozoa, 23; Hydrozoa, 1; Rhabdocoela, 6; Nematoda, 1 ; Rotatoria, 
28 ; Gastrotricha, 2; Oligochaeta, 8; Cladocera, 14; Copepoda, 11; Ostracoda, 
11; Acarina, 10; Tardigrada, 1. 

3. An annotated list of these microscopic benthic organisms which in- 
cludes depth distribution, type of bottom in which they live, and the num- 
ber of collections from which they were recorded, is presented. 

4. Qualitative and quantitative studies show that: (a) A few. species 
were able to maintain themselves in the deeper profundal bottoms under se 
vere stagnation conditions. (b) Excluding eneysted Cyclops bicuspidatus 
and Pelomy.xa villosa, the microfauna decreased sharply in the deeper pro 
fundal region, both in number of species and number of individuals, during 
the summer stagnation period. (¢) Certain species of microscopic benthic 
organisms were able to maintain themselves longer under anaerobic condi- 
tions than other species. (d) During the summer, sand bottoms of the lit- 
toral region supported a more diversified and a more numerous fauna than 
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PLATE I 
Apparatus used in a Limnological Investigation of Microscopic Bottom Fauna 

Fic. 14. Ooze sucker before release. Fic. 15. Ooze sucker released. Fic. 16. Field case for 
extra glass tubes used in vertical core sampler. Fic. 17. Apparatus used in sectioning cores of 
bottom deposits. (a) Rubber cup. (b) Rubber piston. (c) Rubber base for holding glass tube. 
Fic. 18. Section of same. Fic. 19. Vertical core sampler with steel nose unscrewed showing 
glass tube. Fic. 20. Vertical core sampler loaded with heavy collar for use in sand_ bottom. 
Fic. 20a. Heavy collar and hose clamps used to attach same to vertical core sampler. 
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PLATE II 
Cladocera from the Bottom Deposits of Douglas Lake 

Fic. 21. Alona quadrangularis, post-abdomen. Fic. 22. Alona quadrangularts, side view. Fic. 
23. Leydigia quadrangularis, post-abdomen. Fic. 24. Levdigia quadrangularis, side view. Fig. 25, 
Drepanothrix dentata, ventral view. Fic. 26. Drepancthriv dentata, side view. Fic. 27. Drepan 
othrix dentata, 2nd antenna. Fic. 28. Camptocercus rectirostris, side view. Fic. 29. Camptocercus 
rectirostris, post-abdomen. Fic. 30. Ilyocryptus sordidus, side view. Fic. 31. Jlvocryptus sordidus, 
post-abdomen. 

















Fic. 32. Cyst of Canthocamptu 
Photomicrograph. x 165 diam. Fic. 
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Fic. 32 


Fic. 33 


PLATE III 
staphylinoides. Epizoic Ccthurnia sp. attached to abdomen. 
3. Cyst of Cyclops bicuspidatus. Photomicrograph. x 165 diam. 
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did the muck bottoms of the sublittoral and profundal regions. (e) Within 

the littoral region the population increased to some extent with decreasing 

water depth both qualitatively and quantitatively. (f£) The type of bottom 
was a factor in determining the nature and amount of the microfauna. 

5. The relation of certain factors to the distribution up the slope of the 
lake basin is shown graphically for the following: Canthocamptus staphy- 
linoides, cysts; active C. staphylinoides; Cyclops bicuspidatus cysts; Os- 
tracoda; Nematoda; and Pelomy.sa villosa. 

6. The seasonal distribution throughout the summer and autumn is 
charted for the following: Canthocamptus staphylinoides cysts and active 
animals; Cyclops bicuspidatus cysts; Ostracoda; Nematoda; and Ciliata. 

7. Microscopic benthic animals were by no means confined to the upper 
surface of the bottom deposits, certain of them penetrating at least to the 
17-20 cm. stratum within the deposits. 

8. Vertical distribution of different organisms within the bottom deposits 
varied considerably. Vertical distribution within muck bottoms is shown for 
the following: Cyclops bicuspidatus cysts; Canthocamptus staphylinoides, 
active and encysted animals; Cypria spp.; Candona spp.; Nematoda (both 
in sand and muck bottoms) ; Minute ciliates ; and Frontonia leucas. 

9. Encysted immature Cyclops bicuspidatus are reported from Douglas 
Lake where they are found in tremendous numbers in the profundal bottoms 
throughout the summer. 

10. Encystment of full-grown but sexually immature Canthocamptus 
staphylinoides is reported from Douglas Lake. So far as the writer can 
determine, this is the first record of encysted Canthocamptus for North 
America. 
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